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Abstract 
 
Growth typically varies considerably amongst the individuals in a population and 
between individuals in different populations of the same species, especially when 
those populations are found in environments in which the characteristics differ 
markedly. Although the annuli in hard structures are often used to age fish, such 
growth zones are not always clearly defined in these structures. Thus, in these cases, it 
is necessary to use alternative methods for ageing, such as analysis of modal 
progressions in length-frequency data. However, these types of techniques can usually 
only identify distinct size classes that correspond to an age class. They thus only 
enable an individual fish to be aged when it is a member of a discrete size cohort. Such 
a situation generally only applies to the younger age classes. This thesis reports the 
results of studies on a species that can be aged using the annuli in one of its hard parts 
(asteriscus otoliths), i.e. Cnidoglanis macrocephalus, and four species (Amniataba 
caudavitatta, Apogon rueppellii, Pseudogobius olorum and Favionigobius lateralis) 
for which it was necessary to use a method such as length-frequency analysis for 
ageing. 
 
Cnidoglanis macrocephalus is an important recreational and commercial species 
caught in coastal marine and estuarine environments in south-western Australia. 
However, all previous detailed studies on the age and growth on this species have 
focused on estuarine populations. This thesis reports the results of a study of the 
biology of C. macrocephalus in Princess Royal Harbour, a marine embayment on the 
south coast of Western Australia. Samples of C. macrocephalus were collected from 
amongst the macroalgae that were removed from this highly eutrophic embayment by 
mechanical harvesters. Analysis of the reproductive and size composition data derived Chapter 1      iv
from these catches showed that spawning occurs between October and December and 
that fecundity ranged from 75 in a 384 mm fish to 465 in a 443 mm fish. Small fish 
(<200 mm) were rarely caught, reflecting the fact that the young of this species are 
difficult to capture.  
 
Analysis of the trends exhibited by the marginal increments on otoliths showed that 
the number of annuli on this hard structure could be used to age C. macrocephalus. 
The samples of C. macrocephalus collected from Princess Royal Harbour contained 
female and male fish that had lived for up to 10 and 9 years in age and reached 
maximum lengths and weights of 523 mm and 745.3 g and 557 mm and 735.8 g, 
respectively. To overcome the paucity of small fish, von Bertalanffy growth curves 
were constructed using back-calculated lengths and employing the scale proportional 
hypothesis and body proportional hypothesis (see Francis 1990). The growth rates of 
females and males were slower than those in a nearby seasonally closed estuary 
(Wilson Inlet) and in a permanently open estuary on the lower west coast of Australia 
(Swan River Estuary). Yield per recruit analyses were conducted in order to ascertain 
what minimum legal lengths were appropriate for the capture of C. macrocephalus in 
Princess Royal Harbour, the Swan River Estuary and Wilson Inlet in order to sustain 
the stocks in those water bodies. 
 
The age and growth of Amniataba caudavittata and Apogon rueppellii in the Swan 
River Estuary were determined by analysing the trends exhibited by modes in 
sequential monthly length-frequency data. This was achieved by employing 
MULTIFAN, which constrained the means of the lengths of the cohorts in successive 
monthly samples to a seasonal form of the von Bertalanffy growth curve. The resulting 
growth parameters derived by MULTIFAN were similar to those derived from the Chapter 1      v
growth curves fitted to the means of the cohorts determined independently for each 
monthly sample by MIX.  
 
The discreteness of the distributions and modes of size classes in length-frequency 
data for A. caudavittata and A. rueppellii enabled sound growth curves to be 
constructed for both of these species. The growth curves of these two sexes of both 
species were significantly different, with K being lower and L∞ being higher for 
females. The trends exhibited by these growth curves emphasised that the growth of 
both species is highly seasonal, with little or no increase in length occurring during the 
cooler part of the year. The seasonal von Bertalanffy growth equations implied that 
“negative growth” occurred in winter, but this is an artefact produced by size-related 
differences in offshore movements that occur at that time of the year.  
 
The age and growth of two further species from the Swan River Estuary, 
Pseudogobius olorum and Favonigobius lateralis, were also studied.  Since P. olorum 
and F. lateralis both spawn at different times of the year and these times (spring and 
autumn) are not regularly spaced during the year, they produce new 0+ recruits at two 
irregularly-spaced times of the year. Consequently, MUTLIFAN cannot be used to 
analyse the size-distribution data for these two gobiid species. Thus, MIX was used to 
identify the size classes present in sequential samples and to provide means for the 
length distributions of those size classes. von Bertalanffy growth equations were then 
fitted to the mean lengths at the inferred age of the males and females of each size 
class of each species. It was found appropriate to use the traditional von Bertalanffy 
growth curve for describing the growth of the product of the spring-spawning group of 
both species and a seasonal von Bertalanffy growth curve for that of the product of the 
autumn-spawning groups of both species. Chapter 1      vi
 
The growth curves, when considered in conjunction with the trends exhibited by 
reproductive variables, demonstrate that female F. lateralis attains sexual maturity 
more rapidly and at a larger size than P. olorum. The majority of the female and male 
progeny of the summer and autumn-spawning groups of F. lateralis reach maturity 
when they are approximately 3½ and 8½ months old, respectively, compared with five 
and seven months old, respectively, for P. olorum. 
 
Models, incorporating data on water temperature and salinity and the growth and 
reproduction characteristics of P. olorum and F. lateralis, were used to postulate how 
environmental factors might be regulating when these two gobiid species spawn. The 
results of these models support the conclusion that the bimodal timing of spawning of 
P. olorum in the upper estuary was regulated by water temperature, with spawning 
occurring between 20 and 25
oC but inhibited by temperatures greater than 25
oC. They 
also showed that, although water temperature also influenced the timing of spawning 
of F. lateralis in the lower estuary, the onset of spawning by this species only 
occurred when salinities had reached 30
0/00.   Chapter 1      vii
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Chapter 1 
General Introduction 
 
Background 
Growth can differ considerably amongst the individuals in a population and between 
those in different populations of the same species, especially when those populations 
occur in environments in which the characteristics vary markedly (Weatherley and 
Gill 1987, Weatherley 1990, Wootton 1990, Blaber 1997). Unfortunately, estimates of 
the age compositions and thus the growth rates of fishes are sometimes not particularly 
reliable because of the quality of the sampling regime (Beamish and McFarlane 1983, 
1987, 1995, Campana 2001). It thus follows that it is important to be able to determine 
accurately the age composition and growth of a fish species in order to understand 
fully the biology of that species. 
 
Data on growth are crucial for assessing the status of the fishery for a species and how 
that species has responded or will respond to exploitation (Hilborn and Walters 1991, 
Quinn and Deriso 1999, Walters and Martell 2004). Such data can then be used to 
provide managers with the information required to develop plans for exploiting and 
conserving that species. It is thus essential to design a sampling and analytical regime 
that will yield data on growth of the quality which managers can use with confidence 
to develop management plans (Casselman 1987, Campana 2001). Consequently, the 
sampling of the population in question must be carefully designed so that it can 
provide data on age composition and growth that are representative of that population 
as a whole. 
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Growth studies on any fish species should always be underpinned by a validation 
procedure, which demonstrates that the individual fish have been correctly aged 
(Beamish and McFarlane 1983, Campana 2001). Furthermore, accurate and precise 
descriptions of the growth of a species depend on the use of an analytical approach 
that is appropriate for that species.  
 
Methodology 
An analysis of the progression of modes in length-frequency data, that are assumed to 
correspond to age classes, has been widely used to elucidate the size and age 
compositions of a population and thus the growth of the various cohorts (Ricker 1975, 
MacDonald 1987, Pauly and Morgan 1987, Titterington et al. 1992, Gallucci et al. 
1996). This approach is particularly useful when it is not possible to determine the age 
of individual fish. However, it requires that the distributions of the cohorts that 
correspond to the different age classes remain sufficiently distinct to be identified in 
the sequential size frequency data. However, as the lengths of fish approach their 
asymptote, the distributions of the individual age classes increasingly overlap, thereby 
making it difficult to distinguish between the modes that correspond to the older age 
classes. Consequently, this method tends only to be useful in short-lived species, 
which are represented by few age classes in size frequency data (Campana 2001).  
 
The most common currently used method for ageing fish involves counting the growth 
zones that are formed at known intervals in the hard structures of fish, such as scales, 
otoliths, vertebrae, spines and tail bones (Casselman 1990, Campana 2001). This type 
of ageing is dependent on an a priori validation that the growth zones employed are 
laid down at regular and known intervals. 
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Information on the growth of fishes can also be determined through the use of external 
tags or internal marks, e.g, the marks produced by oxytetracycline in otoliths 
(Campana 2001). This approach has also been employed to validate ageing methods 
based on analysis of growth zones in hard structures. 
 
Objectives 
The overall aim of this study was to determine the age composition and growth rates 
of selected fish species, which required the use of different techniques. The ages of 
fish were determined using growth zones in hard structures (Chapter 2), except when it 
proved impossible to detect such zones, in which case polymodal analysis was used to 
identify the different modes in length frequency data and to use the trends exhibited by 
the modes to describe growth (Chapters 3 and 4). Every attempt has been made to 
produce data that would be of sufficient quality to enable reliable growth curves to be 
constructed and to facilitate the variability in the estimates of length at age derived 
from the resulting growth curves to be estimated with confidence. 
 
The growth curves developed in this study using conventional and alternative methods 
were used in combination with other life history parameters and environmental factors 
to assess the practical and management implications of relationships between length 
and age. In Chapter 2, the management implications of life history variation were 
investigated using per recruit models for a species distributed in three different habitat 
types. Chapter 3 investigated the impact of the behaviour of onshore and offshore 
movement patterns on the use of length frequency data for ageing. Individual based 
models were applied to compare life history parameters and environmental factors for 
two co-occurring species in Chapter 4.   
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The intent of the research presented here was to provide resource managers with 
improved understanding of five fish species that represent differing life history 
characteristics and habitats. The ageing of the estuarine catfish, Cnidoglanis 
macrocephalus, was investigated to understand variation in life history parameters to 
fishing pressure in different habitats. These results will inform future management 
decisions to ensure the sustainability of these exploited stocks (Chapter 2). The issue 
of ageing species, which also undergo a seasonal movement, using alternative length 
frequency analyses was resolved using data for the yellowtail trumpeter, Amniataba 
caudavittata, and the cardinal fish, Apogon rueppelli (Chapter 3). Lastly, the variation 
in life history parameters and the impacts on subsequent age and growth for two co-
occurring species along an environmental gradient were determined for two goby 
species, Pseudogobius olorum and Favonigobius lateralis (Chapter 4). 
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Chapter 2 
The impact of different life histories of the estuarine catfish, Cnidoglanis 
macrocephalus (Valenciennes, 1840), in a marine embayment, seasonally 
closed estuary and a permanently open estuary on yield and egg 
production per recruit. 
 
2.1 Introduction 
 
In the introductory chapter, attention is drawn to the wide use of growth zones on the 
hard-parts of fish, such as otoliths, for determining the age of a fish, if it can be 
demonstrated that growth zones are formed annually and can be detected on these 
otoliths. The use of otoliths for this purpose has been shown to be valid in the case of 
Cnidoglanis macrocephalus, an important recreational and commercial species in 
marine and estuarine environments in south-western Australia (Nel et al. 1985, 
Laurenson 1992). Furthermore, it was considered important for managing these 
fisheries to have an understanding of the ecology of the species and the effect of 
natural variation and biases in the estimation of growth. Data on growth are crucial for 
assessing the status of the fishery for a species and how that species has responded or 
will respond to exploitation. 
 
The Plotosidae, or eel-tailed catfishes, are distributed throughout the Indo-west Pacific 
region and are represented by approximately 30 species (Paxton et al. 1989). This 
family includes the estuarine catfish or cobbler Cnidoglanis macrocephalus, which is 
endemic but discontinuously distributed across southern Australia, southwards of 
latitude 28
oS (Kowarsky 1976). Cnidoglanis macrocephalus is found in both inshore Chapter 2      6
marine and estuarine environments and, in south-western Australia, makes an 
important contribution to local commercial and recreational fisheries (Lenanton and 
Potter 1987). 
 
Cnidoglanis macrocephalus is a sedentary, demersal fish, which uses seagrass 
meadows and accumulations of detached macrophytes in estuarine and nearshore 
marine environments as a nursery habitat for juveniles and as a feeding habitat for 
adults (Lenanton 1982, Lenanton et al. 1982, Robertson and Lenanton 1984, Lenanton 
and Caputi 1989). This species constructs nests, in which it deposits its large yolky 
eggs that are guarded by the males and hatched at an advanced stage of development. 
This implies that the potential for the dispersal of eggs and larvae is limited 
(Kowarsky 1975, Morrison 1988, Laurenson et al. 1993a). The presence of low levels 
of gene exchange between marine and estuarine populations suggests that negligible 
migration occurs between coastal and estuarine populations (Ayvazian et al. 1994). 
Consequently, any management plans for sustaining C. macrocephalus must take into 
account that the marine and estuarine populations are discrete.  
 
Aspects of age, growth and reproduction of C. macrocephalus in Western Australia 
have been studied since 1957 (Thomson 1957, Kowarsky 1975, Nel 1983, Lenanton et 
al. 1984, Nel et al. 1985, Morrison 1988, Laurenson 1992, Laurenson et al. 1993a, 
Laurenson et al. 1994). Thomson (1957), using pooled data obtained from populations 
of C. macrocephalus in various estuaries in Western Australia, investigated spawning 
period, fecundity, size of mature ova and the minimum size at sexual maturity. 
 
Kowarsky (1975) studied age, growth and reproduction of C. macrocephalus from 
various estuarine and ocean locations along the west and south coasts of Western Chapter 2      7
Australia. The west coast locations were the Swan River Estuary, nearby marine 
waters (Cockburn Sound, North Beach and Rottnest Island) and the Peel Inlet, while 
those on the south coast were Walpole Inlet, Wilson Inlet and Oyster and Princess 
Royal Harbours. Kowarsky (1975) used tagging data and modal progressions in 
length-frequency data to estimate the age composition and growth of 
C. macrocephalus in the Swan River Estuary. Since tagging appeared to have an 
adverse effect on growth, the estimates of the parameters of the von Bertalanffy curve 
calculated from the length-frequency data were found to be more reliable than those 
calculated using the tagging data. Kowarsky (1975) compared the spawning period, 
mean minimum size at sexual maturity, fecundity and egg diameter at each of the 
locations. He found that the individuals in the Oyster and Princess Royal Harbours 
matured at a smaller size and had a lower fecundity and heavier eggs than those in the 
Swan River Estuary. Kowarsky (1975) concluded that, in general the characteristics of 
estuarine populations were similar and that those of the population in marine waters 
adjacent to the Swan River Estuary were similar to those in Oyster Harbour and 
Princess Royal Harbour. However, there was some evidence that the estuarine 
populations could be separated further into two groups represented by a Swan River 
Estuary and Peel Inlet group and a Wilson Inlet and Walpole Inlet group. Kowarsky’s 
(1975) results were similar to those of Thomson (1957), except that the latter’s 
estimate for the minimum size at sexual maturity was greater, probably as a 
consequence of a smaller sample size. 
 
Nel (1983) and Nel et al. (1985) found that their estimates of the spawning period, 
fecundity and egg diameter of C. macrocephalus in the Swan River Estuary were 
consistent with those of Kowarsky (1975) and Thomson (1957). Nel et al. (1985) 
found that the minimum size at sexual maturity was similar to that estimated by Chapter 2      8
Kowarsky (1975) for C. macrocephalus in the Swan River Estuary. Nel et al. (1985) 
were the first to use otoliths to estimate the age of C. macrocephalus and, using pooled 
data for the otoliths of all fish, demonstrated that translucent zones were formed 
annually. They derived the parameters of the von Bertalanffy growth curve using 
back-calculated lengths.  
 
Lenanton et al. (1984) followed modal progressions in length-frequency data, aided by 
an analysis of the annuli that are observed in the otoliths, to determine the mean length 
at age for the younger age classes in the Peel Harvey Estuary. The growth recorded 
during the first three years of life was similar to that described by Kowarsky (1975) in 
the Swan River Estuary. 
 
Morrison (1988) studied the reproductive biology of C. macrocephalus in the Swan 
River Estuary. The estimates of spawning period and fecundity were comparable to 
those of Nel et al. (1985) and Kowarsky (1975). The minimum age at sexual maturity 
estimated by Morrison (1988) was similar to that reported by Nel et al. (1985). Ageing 
was carried out following the methodology of Nel et al. (1985). 
 
The estimates of spawning period and oocyte diameters of C. macrocephalus in 
Wilson Inlet by Laurenson et al. (1993a) are similar to those of Nel et al. (1985) for 
the population in the Swan River Estuary. However, the estimated minimum size and 
age at sexual maturity of C. macrocephalus in Wilson Inlet were greater than those for 
the population in the Swan River Estuary. Laurenson et al. (1994) used whole otoliths 
to estimate the age of individuals of C. macrocephalus in Wilson Inlet and the Swan 
River Estuary. They demonstrated that at least the first three translucent zones and 
probably all others were formed annually. Lengths at age and back-calculated lengths Chapter 2      9
were used to construct growth curves. Laurenson et al. (1994) were the first to 
compare the growth of female and male C. macrocephalus and the growth of 
individuals in different estuaries. They concluded that, although there were highly 
significant statistical differences between the growth of the sexes in each population 
and between the corresponding sexes in those populations, those differences were 
almost certainly of limited biological significance. Laurenson (1992) obtained a 
preliminary estimate of the age and growth of C. macrocephalus in Princess Royal 
Harbour using limited samples obtained on only two occasions. Since the traditional 
form of the von Bertalanffy growth equation failed to describe the length at age data 
adequately, the more flexible Schnute (1981) generalised growth equation was utilised 
(Laurenson 1992, Laurenson et al. 1994).  
 
The Schnute (1981) generalised growth equation is derived from a concise biological 
principle of growth acceleration and employs parameters that have stable statistical 
estimates and includes numerous historical growth curves as special cases. These 
include the commonly-used von Bertalanffy (von Bertalanffy 1938, 1957), Richards 
(Richards 1959), Gompertz (Gompertz 1825) and logistic (Graham 1935, Schaefer 
1954) asymptotic growth curves and also the linear, quadratic and exponential growth 
curves. The ability of the generalised growth equation to describe different growth 
curves is clearly one of its most attractive features and its flexibility is useful in 
establishing an appropriate form of the growth curve. However, Welch and McFarlane 
(1990) show that the von Bertanaffy growth curve provides a more satisfactory 
description of length at age in female Pacific hake (Merluccius productus) than does 
the generalised growth equation. Welch and McFarlane (1990) suggest that the 
inherent nonlinearity of the generalised growth equation may lead to bias in parameter 
estimation and inaccurate estimates of confidence intervals. They suggest that the Chapter 2      10
generalised growth equation should be used chiefly when a decision about the overall 
shape of the growth curve is needed, as Schnute (1981) originally proposed. 
 
Cnidoglanis macrocephalus makes an important contribution to the commercial 
fisheries that are based in estuaries and marine embayments in south-western Australia 
(Lenanton and Potter 1987). In the past, large catches of C. macrocephalus have been 
taken from the Swan River Estuary, Peel Inlet-Harvey Estuary, Leschenault Inlet, 
Wilson Inlet, Princess Royal Harbour and Oyster Harbour by commercial fishers. In 
recent years, commercial catches have declined in all locations except Wilson Inlet. 
While this has been attributed to the declining number of commercial fishers, there are 
a number of systems that have been over-exploited and/or have suffered loss of quality 
of habitat resulting in a reduced abundance of spawning females (Lenanton 1984). 
Laurenson et al. (1993b) determined that the legal minimum mesh size of the nets 
used in the commercial fishery was inappropriate since, in Wilson Inlet, such nets 
would catch C. macrocephalus before they reached sexual maturity. However, their 
study suggests that the current use of mesh sizes larger than the minimum 
requirements, and the existence of a relatively small but important area that is closed 
to commercial fishing in Wilson Inlet, almost certainly ensure that, in this region, fish 
are recruited into the commercial fishery after they have attained sexual maturity. 
 
The catch and effort data that are available for the commercial fisheries, for the years 
since 1976, are comprehensive and contain monthly data for the number of days spent 
fishing, details of fishing method used and the total weight of the catch (Commercial 
Catch and Effort System data, Department of Fisheries Western Australia). However, 
since fishers tend to shift from targeting of C. macrocephalus, when catches undergo 
seasonal declines, to other species within these multi-species fisheries, the effort Chapter 2      11
recorded for these commercial fisheries is not a suitable measure of the effort directed 
towards C. macrocephalus (Kowarsky 1975, Nel et al. 1985, Laurenson et al. 1993b). 
The lack of an appropriate effort measure precludes the use of dynamic fisheries 
models, such as biomass dynamics or age-structured models (Hilborn and Walters 
1992). Consequently, the most appropriate methods to investigate the susceptibility of 
C. macrocephalus to over-exploitation in these systems are yield per recruit and egg 
per recruit models. 
 
These equilibrium models explicitly represent a population as a single year-class or 
cohort through its entire life and contain three basic components: growth, reproduction 
and mortality (Beverton and Holt 1957, Quinn and Deriso 1999). Mortality can be due 
to harvesting and/or due to natural causes. The estimation of natural mortality is 
difficult due to the confounding effects of fishing mortality and recruitment. A simple 
approach is to use life history parameters and Vetter (1988) provides a review of these 
methods. Yield per recruit is the total yield in weight harvested from a year-class of 
fish over its life span divided by the number of fish of that year class recruited into the 
stock assuming an equilibrium state. Similarly, egg production per recruit is the total 
number of eggs that are produced by a year-class of fish throughout its life divided by 
the number of fish of that year class that are recruited into the stock when the stock is 
at equilibrium. Egg production per recruit analysis provides a method of assessing the 
effect of harvesting on the reproductive capacity of the adult stock. These “per recruit” 
models provide a quantitative framework for examining the effects of fishing mortality 
on the yield or egg production from a year-class of any given initial abundance, but 
provide no assessment of the effect that harvesting has on future recruitment. Results 
from the “per recruit” models may be used to determine appropriate levels of fishing 
mortality that would be likely to achieve various management objectives. Chapter 2      12
Biological reference points are calculable quantities that describe a population’s state 
and can be used as targets for optimal fishing, as well as setting overfishing thresholds 
(Smith et al. 1993, Caddy and Mahon 1995, Caddy 2002). Overfishing thresholds 
identify the upper limit of fishing mortality allowable or the lower stock biomass limit 
beyond which overfishing occurs. Target biological reference points are more 
conservative and define a desired rate of fishing and acceptable levels of stock 
biomass. The instantaneous natural mortality coefficient (M), or some proportion of 
M, has often been used to set a fishing mortality level as a limit or target biological 
reference point. Commonly-used M-based reference points may be determined from 
analyses of yield per recruit and egg production per recruit. This information can then 
be used for the management of the stock. 
 
Details of particular aspects of the biology of C. macrocephalus in each marine area 
and estuary are required by fishery managers for formulating effective management 
strategies that might avert further declines in the abundances of these exploited stocks. 
Previous studies have shown that growth, size at sexual maturity and fecundity differ 
slightly between the populations of C. macrocephalus in the Swan River Estuary and 
Wilson Inlet, which in turn differ considerably from those found in Princess Royal 
Harbour. The research carried out on C. macrocephalus in the permanently open Swan 
River Estuary and the seasonally closed Wilson Inlet is comprehensive but is limited 
in Princess Royal Harbour. Furthermore, in previous studies of C. macrocephalus, 
whole otoliths have been used to carry out ageing, even though it has been shown in 
numerous other studies that age estimates from whole otoliths are often consistently 
lower than those obtained from sectioned otoliths (Beamish 1979, Chilton and 
Beamish 1982, Campana 1984). In addition, a paucity of small fish has posed Chapter 2      13
problems for estimation of growth parameters for C. macrocephalus (Kowarsky 1975, 
Lenanton et al. 1984, Nel et al. 1985, Laurenson et al. 1994).  
 
To overcome the deficiency of small fish in samples, back-calculated lengths have 
been used to increase the number of data points for younger fish (Nel et al. 1985, 
Laurenson et al. 1994). While increasing the number of data points, this technique has 
also introduced repeated measures for individual fish into the analyses. Furthermore, 
no attempt was made in those earlier studies, which used back-calculated lengths at the 
formation of the different annuli, to confirm that the back-calculated lengths were 
accurate estimates of the true length, and that bias in such estimates did not introduce 
an artefact that might result in Lee’s phenomenon (Lee 1912). Lee’s phenomenon 
refers to the tendency for back-calculated lengths at annulus formation to be less than 
those observed in the population. Possible causes include use of incorrect back-
calculations, non-random sampling, fishing mortalities due to selectivity or size 
selective natural mortality (Ricker 1975). 
 
Back-calculation of sizes of a fish from annulus measurements is frequently 
undertaken to understand fish growth and processes affecting its current size. The 
back-calculation method is based on the assumption that there is a relationship 
between the annulus radius and the total length of the fish and that extrapolation to 
earlier sizes of the fish requires consideration of the relationship between the annulus 
growth and fish growth. Several papers propose and compare linear and nonlinear 
approaches (Ricker 1973, 1992, Carlander 1981, Gutreuter 1987, Smith 1987, 
Weisberg and Frie 1987, Campana 1990, Casselman 1990, Francis 1990, 1995). 
Ricker (1973, 1992) recommends a geometric regression for back-calculation while 
Campana (1990) recommends a biological intercept back-calculation procedure where Chapter 2      14
the biological intercept corresponds to the initial proportionality between fish and 
otolith growth occurring around the time of hatching. Francis (1990, 1995) gives a 
critical review of back-calculation methods and provides two approaches based on 
explicit hypotheses and associated derived equations that are statistically correct when 
the underlying hypothesis is true. The first, called the scale proportional hypothesis 
(SPH), assumes that the ratio of the mean scale size to the scale size of a particular fish 
is constant throughout its life. The second hypothesis, the body proportional 
hypothesis (BPH), assumes that the ratio of the mean fish size to the size of a 
particular fish at a given scale size is constant throughout its life. The relationship 
between fish size and scale size producing the mean scale size of a given fish or mean 
fish size at a given scale size may be linear or nonlinear (Francis 1990). Note that the 
term, scale, used here refers to any hard-part used in the ageing process. 
  
The first objective of this chapter was to obtain precise estimates of the spawning 
period, length-weight relationship, age and length at sexual maturity, fecundity, 
growth and natural mortality for C. macrocephalus in Princess Royal Harbour. Since 
the pattern of growth of C. macrocephalus in Wilson Inlet was described better by 
using the Schnute rather than the von Bertalanffy growth equation, the hypothesis will 
be tested that, as this difference is likely to reflect certain characteristics of this 
plotosid, the growth of this species in Princess Royal Harbour will also be described 
best by the Schnute growth equation. Also, because the sampling regime adopted in 
Princess Royal Harbour failed to yield substantial numbers of small C. macrocephalus 
(<200 mm), the hypothesis was tested that growth was determined more reliably using 
back-calculated lengths rather than lengths at age. The second objective was to 
determine the impact of different life parameters of C. macrocephalus in Princess Chapter 2      15
Royal Harbour, Wilson Inlet and Swan River Estuary on yield per recruit and egg 
production per recruit and the consequences for the management of the species. 
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2.2 Methods 
 
Sampling sites, methods and regime 
Random samples of Cnidoglanis macrocephalus were collected daily from Princess 
Royal Harbour between July 1993 and December 1994 (Figure 2.1). These samples 
were obtained from mechanical harvesters deployed by the Albany Waterways 
Management Authority to remove the large accumulations of macroalgae from the 
harbour. Two types of harvesters, a suction harvester and a conveyor harvester, were 
used to remove macroalgae from depths of 1.5-3.5 m and 0.6-1.5 m, respectively 
(D.A. Lord and Associates 1997). The suction harvesters used flared suction-heads 
attached to hoses through which water, macroalgae and individual C. macrocephalus 
were pumped on to a barge. The conveyer harvesters used conveyer belts lowered on 
to the seabed that scooped up macroalgae and individual C. macrocephalus onto a 
barge. Although harvesting was mostly concentrated in the southern region close to 
the Princess Royal Sailing Club, where the accumulation of macroalgae was greatest, 
conveyer harvesters were used in the shallows along the south-eastern shore adjacent 
to South Spit for a period during late 1993 (Figure 2.1). At the end of each day, the 
fish caught by harvesters were frozen. 
 
Lengths, weights and gonadal development 
The total length (TL) and total weight of each C. macrocephalus were measured and 
recorded to the nearest 1.0 mm and 0.1 g, respectively. The gonads were removed and 
their weights recorded to the nearest 0.01 mg. The sex of each fish was determined 
macroscopically except when it was not possible to ascertain whether the gonad was 
an ovary or testis. Individuals that could not be sexed were recorded as juveniles. In 
the subsequent analyses, juveniles were randomly assigned to either male or female.Chapter 2      17
 
Figure 2.1. Map showing location of sites in Princess Royal Harbour where sampling 
was carried out during July 1993 and December 1994 using mechanical suction and 
conveyor harvesters deployed by the Albany Waterways Management Authority to 
remove the large accumulations of macroalgae from the harbour.  Chapter 2      18
The relationships between weight, W, and length, L, for females and males were 
represented by equations of the form 
) ( ) ( 2 1 L Ln W Ln φ φ + = , 
where  1 φ  and  2 φ  are estimated and Ln represents the natural logarithm. Parameters 
were estimated using the linear regression fitting procedure of SPLUS (Insightful 
2000). A t-test was used to compare the slopes ( 2 φ ) of the weight-length relationships 
to determine whether there was a significant difference between these parameters of 
the relationships for females and males. 
 
On the basis of its macroscopic appearance, each female or male gonad was assigned 
to one of the following gonadal developmental stages: I = immature, II = maturing 
virgin/recovering spent, III = developing, IV = maturing, V = mature, VI = spawning 
VII = spent (Laevastu 1965). Examination of histological sections of gonad by Nel et 
al. (1985), Morrison (1988) and Laurenson et al. (1993a) have demonstrated that the 
use of such macroscopic criteria for gonadal development staging is valid for this 
species. The gonadosomatic indices (GSIs) of each sex were calculated from the 
equation 
( ) W W GSI gonad / 100 = , 
where Wgonad is the wet weight of the gonad and W is the wet weight of the fish. 
 
Trends in the monthly average GSIs were used to identify the spawning period of 
C. macrocephalus.  The midpoint of the peak of this period was considered to 
represent the birth date of C. macrocephalus in Princess Royal Harbour for the 
purposes of ageing individual fish. 
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The ovaries of all stage V and VI females were placed in Gilsons’s fluid and shaken 
daily until the individual eggs had separated, after which all the eggs in both ovaries of 
each fish were counted (Bagenal 1978, Bagenal and Braum 1978). Note that 
examination by Morrison (1988) and Laurenson et al. (1993a) of histological sections 
of the ovaries of C. macrocephalus in the Swan River Estuary and Wilson Inlet, 
respectively, had demonstrated that C. macrocephalus is not a serial spawner. Thus, 
the number of eggs in the ovaries of individual female C. macrocephalus is assumed 
to be a measure of absolute fecundity. The relationship between absolute fecundity, E, 
and length, L, was described by the equation 
) ( ) ( 4 3 L Ln E Ln φ φ + = , 
where  3 φ  and  4 φ  were estimated using the linear regression fitting procedure of 
SPLUS (Insightful 2000).  
 
Otoliths and marginal increment analysis 
The asteriscus, lapillus and sagittal otoliths were removed from a random sub-sample 
of 315 fish which ranged in total length from 250 to 500 mm and from all of the 
restricted number of small (<250 mm TL) and large fish (>500 mm TL) that were 
caught. Otoliths were embedded in clear epoxy resin and ground transversely on 
sequentially finer grades of carborundum paper (440-1200 grade). The sections were 
mounted on to glass slides, placed on a black surface and examined microscopically 
under reflected light. Since preliminary examinations of whole and sectioned otoliths 
showed that translucent zones were more clearly detected in asteriscus than lapillus or 
sagittal otoliths, asteriscus otoliths were used for ageing. This technique differs from 
earlier studies for this species where Lenanton et al. (1984) used whole otoliths of 
undefined origin, Nel et al. (1985) and Morrison (1988) used whole asteriscus otoliths Chapter 2      20
and Laurenson et al. (1994) used whole lapillus otoliths. In the remainder of this 
chapter, the word “otolith” refers to the asteriscus otolith. 
 
The number of translucent zones on each otolith was recorded. The marginal 
increment, the distance between the outer edge of the outermost translucent zone and 
the periphery of the otolith, was measured along the long axis of each otolith and 
recorded to the nearest 1.0 μm. The marginal increment was expressed as the 
proportion of the distance between the primordium and outer edge of the translucent 
zone when only one translucent zone was present, and as the distance between the two 
outermost translucent zones when two or more translucent zones were present. 
 
The otolith radius, i.e. the distance between the primordium and the periphery of the 
otolith, and the distances between the primordium and the outer edge of each opaque 
zone were measured to the nearest 1.0 μm along the long axis of each otolith used for 
ageing. 
 
Sexual maturity 
Fish caught with gonad stages V-VII during the spawning period were classified as 
mature and were used to determine the proportion of sexually mature females and 
males at a given age and length class. The proportions of sexually mature females and 
males, Pmat, in a given length class, L, were described by equations of the form 
L
L
mat e
e
P
6 5
6 5
1
φ φ
φ φ
+
+
+
= , 
where  5 φ  and  6 φ  are estimated. Parameters were estimated using the logistic 
regression fitting procedure of SPLUS (Insightful 2000). The estimated length, L50, at Chapter 2      21
which 50% of each sex in the population becomes sexually mature, was determined by 
6 5 50 /φ φ − = L .  
 
Back-calculated lengths 
The estimated length (or back-calculated length), corresponding to the formation of 
each check in the otolith was determined, provided additional information on the 
younger fish for estimating growth (Francis 1990). The relationship between the 
natural logarithms of length, L, of the fish of each sex and otolith radius, S, was 
described by selecting from fits of a first and second order polynomial. These fits were 
determined using the stepwise linear regression model procedure of SPLUS (Insightful 
2000). The procedure generates a series of sequential models, where each model 
differs from its neighbours by a single term and uses an automatic variable selection to 
determine what model to use. A forward and backward stepwise search direction was 
used to examine a range of models from a simple linear regression 
a L Ln a a L Ln f S Ln ε + + = = ) ( )) ( ( ) ( 1 0  and 
b S Ln b b S Ln g L Ln ε + + = = ) ( )) ( ( ) ( 1 0 , 
to one that is more complicated involving a second order polynomial 
a L Ln a L Ln a a L Ln f S Ln ε + + + = =
2
2 1 0 ) ( ) ( )) ( ( ) (  and 
b S Ln b S Ln b b S Ln g L Ln ε + + + = =
2
2 1 0 ) ( ) ( )) ( ( ) (,  
where  a0, a1, a2, b0, b1, and b2 are the estimated parameters and εa and εb are random 
variates representing observation errors (Draper and Smith 1981). 
 
The stepwise regression procedure calculates the Cp statistic for the current model, as 
well as those for all reduced and augmented models, and then adds or drops the term Chapter 2      22
that reduces Cp the most until the current model has the lowest Cp statistic. The Cp 
statistic is calculated as (Insightful 2000) 
2 ˆ 2 σ p RSS C p + = ,  
where the estimated parameter values are those that maximise the log-likelihood 
function, RSS is the residual sums of squares, p is the number of estimated parameters 
and 
2 ˆ σ  is the estimate of the variance.  
 
Back calculations of fish length at the formation of each annulus were determined 
from the scale proportional hypothesis (SPH) and body proportional hypothesis (BPH) 
(Francis 1990) using the equations 
) (ln
,
) (ln ) / (
, L f
j i
L f e S S e
SPH
j i =  or 
)) (ln ) / (ln(
,
,
1 L f S S f SPH
j i
j i e L
+
−
= and 
) (ln ) (ln
,
, S g S g BPH
j i
j i Le L
− = , 
where 
SPH
j i L ,  is the length at formation of the ith annulus for the jth fish as estimated 
using the scale proportional hypothesis, 
BPH
j i L ,  is the length at formation of the ith 
annulus for the jth fish as estimated using the body proportional hypothesis, Si,j is the 
distance (μm) between the focus and the outer edge of the ith translucent zone along 
the long axis of the otolith for the jth fish,  j i t ,  is the age at formation of the ith annulus 
for the jth fish, and  ) (
1 y f
−  is the inverse function of  ) (x f  and represents the value of 
x at which  ) (x f y = . The methods of Ricker (1973, 1992) and Campana (1990) were  
not considered as the former only considers a geometric regression, and the latter 
requires an estimate of the initial proportionality between fish and otolith growth 
occurring around the time of hatching, which is not available for C. macrocephalus. 
 Chapter 2      23
Growth curves 
Length at age (LAA) data and back-calculated lengths determined by the scale 
proportional hypothesis (SPH) and body proportional hypothesis (BPH) (Francis 
1990) were used to construct von Bertalanffy and Schnute growth curves for both 
sexes.  
 
Data for individual fish were used only once when fitting the growth curves, thereby 
ensuring independence. Juveniles were randomly assigned to either male or female 
and sets of randomly-selected fish were used to determine and compare growth curves 
calculated from the LAA data and back-calculated lengths using the SPH or BPH. 
Furthermore to overcome the problem of repeated measures, the back-calculated 
length for only one randomly-selected annulus was used for each fish when growth 
curves were fitted to back-calculated data. The creation of sets of randomly-selected 
fish, resulted in sample sizes on which to undertake subsequent analyses that were 
reduced. Due to these smaller sample sizes and to ensure that results of the analysis 
were not influenced by the particular random set of fish selected for analysis, re-
sampling of the data was carried out to produce 100 random resampled subsets. 
 
The traditional growth equation of von Bertalanffy (1938) is 
) 1 (
) ( 0 t t K
t e L L
− −
∞ − = , 
where  t L  is the estimated length at age t, L∞ is the estimated asymptotic length, K is 
the estimated growth coefficient and t0 is the estimated theoretical age at which fish 
would have zero length if growth had followed that predicted by the equation.  
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The Schnute (1981) generalised growth equation is 
b
T T a
T t a
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where a and b are estimated parameters and y1 and y2 are the estimated lengths of the 
fish at the specified reference ages, T1 and T2, respectively, was also applied to 
describe the growth. The reference ages for this growth curve were chosen so that they 
bounded the majority of the data. If  1 = b , the curve becomes the von Bertalanffy 
growth equation. Growth curves were fitted assuming a common birth date. 
Parameters were estimated using the non-linear curve fitting procedure of SPLUS 
(Insightful 2000).  
 
Comparison of growth curves 
The choice of final growth curves was based initially on whether there were 
differences in growth between sexes, secondly if the four-parameter Schnute 
generalised growth curve provided an improved fit compared to the three-parameter 
von Bertalanffy growth curve and lastly which of the growth curves calculated from 
the LAA data or back-calculated lengths using the SPH or BPH provided the better 
estimate of growth. 
 
Likelihood ratio tests (Kimura 1980, Cerrato 1990) were used to compare the growth 
curves. The likelihood ratio test provides a method for constructing the most powerful 
tests for simple hypotheses where the distribution of the observations is known except 
for the values of a number of unknown parameters. The test involves the improvement 
of the fit obtained by using separate curves rather than a common curve such that the 
null hypothesis is, Chapter 2      25
Hω: The parameters from each growth equation satisfy some set of q linear constraints 
where q = 1, 3 or 4.  
The simultaneous test of the von Bertalanffy growth curves parameters involved the 
three (q = 3) linear constraints L∞1=L∞2, K1=K2 and t01=t02. Four (q = 4) linear 
constraints a1=a2, b1=b2, y11=y12 and y21=y22 were involved in the simultaneous test of 
the Schnute generalised growth curve parameters. The simultaneous test of the von 
Bertalanffy and Schnute generalised growth curve parameters involved the (q = 1) 
linear constraint b=1. These null hypotheses were tested against the alternative 
hypothesis, 
HΩ: The parameters from each growth equation satisfy no linear constraints. 
The likelihood ratio assuming equal and unequal variances is given by 
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where 2   ,   C,1   for     / ˆ
2 = = i n SS i i i σ  are the maximum likelihood estimates of the 
variances, ni is the number of observations and SSi is the sum of squares of the 
residuals in fitting the ith growth curve. C represents combined data under the 
assumption of equal variance. The null hypothesis is rejected at the α level of 
significance when the test statistic  ) ( ) ( 2
2 q Ln α χ > Λ − . The subscripts ω and Ω are 
used to distinguish the estimates obtained under the null and alternative hypotheses, 
respectively. Simultaneous test of the von Bertalanffy and Schnute generalised growth 
curve parameters assumed equal variance while all other tests assumed unequal 
variances.  
 
The comparisons of growth curves using the likelihood ratio tests involving 100 
random resampled subsets, were calculated by the following steps, Chapter 2      26
1.  Calculate the likelihood ratio test statistic,  ) ( 2 Λ − Ln , for each random subset. 
2.  Using a binomial test (Zar 1999), if a significant difference is found between the 
growth curves in nine or more of the 100 random subsets, it may be concluded that 
the growth curves differ significantly (P<α  where α =0.05). 
 
Further comparisons of growth curves derived from LAA, BPH and SPH data 
The choice of the final growth curve, from those calculated using LAA data or back-
calculated lengths using the SPH or BPH, required further analyses. If the growth 
curves show no statistical difference between LAA and back-calculated data, there is 
no evidence that the back-calculated data are producing inaccurate estimates of the 
true LAA. However, it is possible that, if the growth curves show a statistical 
difference between LAA and back-calculated data, this difference may be due to bias 
in either the LAA data resulting from selectivity of the sampling gear or the estimate 
of length derived from the growth curve fitted to the back-calculated data. 
Consequently, if it is concluded that the LAA data are considered biased and there is 
no evidence to suggest that the growth curve fitted to the back-calculated data is 
biased, the curve finally selected to represent the growth of C. macrocephalus in 
Princess Royal Harbour should be the one fitted to the full data set for the back-
calculated data (for one annulus per fish) to include the additional information for the 
younger fish that was obtained from the back-calculation. The choice of an appropriate 
growth curve was carried out by using the following analyses.  
 
As noted previously, by indiscriminately using all of the data, it was likely that the 
back-calculated lengths for an individual fish, j, would be dependent on each other and 
on the observed length for that fish. To overcome this problem of repeated measures in 
the SPH and BPH calculations, the fish were randomly selected without replacement Chapter 2      27
and allocated into three equal and independent sets. Firstly, a set { j L ,  j t } was used as 
LAA data.  A second set {
SPH
j i L , ,  j i t , } comprise those fish used to apply the SPH 
calculation, randomly selecting the length at annulus formation as calculated using the 
SPH and associated age from one annulus only for each fish to be used in growth 
calculations. The third set {
BPH
j i L , ,  j i t , } was similar to the second, but was used to 
apply the BPH calculation. The resulting sets comprise independent, randomly-
selected fish, and are internally consistent, comprising only observed length and age 
data, back-calculated lengths calculated using SPH and corresponding ages at annulus 
formation, and back-calculated lengths calculated using BPH and corresponding ages 
at annulus formation.  
 
It follows that the errors between the observed lengths and the estimated lengths 
calculated using the growth curves that are associated with LAA data, with back-
calculated lengths from the SPH and with back-calculated lengths from the BPH are 
likely to be different, not only because of the parameter estimates and different data 
sets but because the “observed lengths” represent three different measures of “length” 
at age, namely  j L , 
SPH
j i L ,  and 
BPH
j i L , . Thus 
SPH
j i L ,  and 
BPH
j i L ,  may be accurate estimates of 
j L  but if selectivity has resulted in bias in the measured length at age, they may prove 
to be more accurate estimates of the true length at age. The weighting given to the 
different ages when using back-calculated lengths is still shifted towards the younger 
ages by randomly selecting a length at annulus formation for each fish, but the 
weighting is not as great as that which would be introduced if all back-calculated 
lengths were to be used in the analysis.  
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A problem that needed to be addressed was when the growth curve for the back-
calculated lengths was found to differ significantly from that for the LAA data. Such a 
situation suggests that the growth curve that predicts a back-calculated length at 
annulus formation does not necessarily provide a reliable prediction of the LAA data, 
i.e. the true lengths at age. A statistical difference between the curves for the different 
data sets may suggest that the back-calculated lengths are inaccurate. However, it is 
possible that the back-calculated lengths provide a more precise estimate of the lengths 
at younger ages, and that the differences in the fitted growth curves are due to the 
different number of data points at each age in the three data sets. To test this, a random 
subset of the data at each age was selected so that the number of observations of fish 
of each age was identical within each subset. Thus, the resulting growth curves are 
based on identical numbers of lengths at each age and differences between the growth 
curves, if such differences exist, are not an artefact produced by differences in the age 
distributions of the data employed when fitting the different growth curves. 
 
A final problem that needed to be addressed was when the growth curve for the back-
calculated lengths was found to again differ significantly from that for the LAA data. 
While this suggests that the back-calculated lengths are inaccurate and due, for 
example, to an inappropriate back-calculation method or to Lee’s phenomenon, it is 
possible that the differences in the fitted growth curves are due to the paucity of small 
fish. In the latter case, the back-calculated lengths at age are likely to be more accurate 
measures of the mean length at age of younger fish as selectivity has biased the length 
measurements of LAA data. The different measures of the growth were compared to 
determine which measure provided the most appropriate estimate of growth of 
C. macrocephalus in Princess Royal harbour. 
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Life history parameters 
Estimates of life history parameters of C. macrocephalus in the Swan River Estuary 
and Wilson Inlet were obtained from recent publications or unpublished data 
(Kowarsky 1975, Nel et al. 1985, Morrison 1988, Laurenson 1992, Laurenson et al. 
1993a, Laurenson et al. 1994). These parameters included the spawning period, birth 
date, age and length at sexual maturity, absolute fecundity, length-weight relationship 
and growth curves. These data were used for comparative purposes and analyses of 
yield and egg production per recruit. 
 
Natural mortality 
The instantaneous natural mortality coefficient was estimated using the maximum age 
method (Hoenig 1983, Vetter 1988) such that 
M = -Ln (0.01) / (maximum age). 
The method assumes that the natural life span of the species is the age by which 99% 
of the cohort would die if the stock was exposed to natural mortality only. A range of 
maximum ages was considered, as it was not possible to obtain a true estimate of 
maximum age since the C. macrocephalus populations in Swan River Estuary, Wilson 
Inlet and Princess Royal Harbour have been commercially and recreationally fished. 
 
Catch and effort 
The total catch and number of boats have been recorded for the Swan River Estuary, 
Peel-Harvey Estuary, Leschenault Inlet and Wilson Inlet since 1952 and for Princess 
Royal Harbour and Oyster Harbour since 1964 (Australian Bureau of Statistics 
unpublished data). The catch and effort data since 1976 are more comprehensive 
(Fisheries Western Australia unpublished data). As the recorded effort was unlikely to 
represent a reliable measure of fishing effort for C. macrocephalus, only the total Chapter 2      30
annual catch and total mean monthly number of vessels fishing in each calendar year 
for the estuaries were extracted from this latter database. 
 
Yield per recruit and egg production per recruit 
Per recruit calculations were undertaken for populations of C. macrocephalus in the 
Swan River Estuary, Wilson Inlet and Princess Royal Harbour. The approach was a 
modification of the Beverton and Holt (1957) yield per recruit and egg production per 
recruit method such that 
∫
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where  t is the age, 
  tm is the age corresponding to the legal minimum size limit, 
  m t′
 
is the value of tm when rounded down to an integer, 
  tλ is the maximum age in the population, 
  p = the proportion that are female and (1-p) = the proportion that are male, 
  F is the instantaneous fishing mortality coefficient and is assumed constant, 
  M is the instantaneous natural mortality coefficient and is assumed constant, 
  W(t) is the weight at age of females or males, 
  Pmat(t) is the proportion of females or males that are sexually mature at age t, 
  E(t) is the absolute fecundity at age of females, and 
Y/R and E/R are the yield and egg production per age 0 recruit, respectively. 
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Limit and target biological reference points were determined from the yield per recruit 
and egg production per recruit. A limit biological reference point is Fmax (Caddy and 
Mahon 1995) and is the instantaneous rate of fishing mortality that maximises the 
yield per recruit defined by 
. 0
) / (
max
=
=F F dF
R Y d
 
Levels of fishing mortality higher than this reference point constitute growth 
overfishing because individuals are harvested before they have grown to a size that 
will maximise the yield per recruit.  
 
Another biological reference point is F0.1, which has widely been used as a target 
fishing mortality level (Gulland and Boerma 1987). The value of F0.1 is defined as the 
instantaneous rate of fishing mortality at which the slope tangential to the yield per 
recruit curve is one-tenth of its slope at the origin 
0
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Such a level of fishing mortality may be considered desirable as it is lower than Fmax 
and therefore provides a buffer to growth overfishing without sacrificing too great a 
yield (Deriso 1987). 
 
A common biological reference point based on egg production per recruit is the value 
FX%, which is defined as the instantaneous rate of fishing mortality that would reduce 
the egg production per recruit to X% of the level that would exist with no fishing. 
Mace and Sissenwine (1993) and Clark (1993) suggest that levels of F35% to F45% are 
appropriate biological reference points and that F38% is approximately equivalent to 
F0.1. In this study, F40% was calculated such that 0 / 40 . 0 /
% 40 = = = F F F R E R E . Chapter 2      32
The computation of the Y/R integral was undertaken numerically using Simpson’s rule 
(Press et al. 1997). Fmax and F0.1 were determined numerically, where derivatives were 
calculated using Ridders’ method of polynomial extrapolation and the bisection 
method was used to find the estimates of the biological reference points (Press et al. 
1997). 
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2.3 Results 
 
Length, weight and gonadal development 
Sampling of harvesters in Princess Royal Harbour yielded appreciable numbers and a 
relatively wide size range of C. macrocephalus in most months between July 1993 and 
December 1994 (Figure 2.2). However fish less than 200 mm were caught only 
occasionally and mostly in December and January. While a group of small new 
recruits (<200 mm) appeared in December 1993 and is present in January and 
February 1994, there did not appear to be distinct modal progressions in the sequential 
monthly length-frequency data (Figure 2.2).  
 
The percentage of females varied considerably between the monthly samples ranging 
from 22 to 64%. The smallest (unsexed) fish caught was 92 mm (2.6 g) and the largest 
female and male fish were 523 mm (745.3 g) and 557 mm (735.8 g), respectively. The 
slopes of the relationships between weight and length for females and males (Table 
2.1, Figure 2.3) were significantly different (P<0.001).  
 
Gonad stages I and/or II were found in most months of the year (Figure 2.4). Stage III 
ovaries were found in all months except between December 1993 and February 1994 
and stage IV ovaries were found in all months except between December and March. 
Conversely, stage V ovaries were found between August and December, stage VI 
ovaries were found only in December 1993 and stage VII ovaries were found mainly 
between December and March. The numbers of stage II ovaries were greatest in 
February and March and in these months comprised recovering-spent ovaries (Figure 
2.4).  Chapter 2      34
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Figure 2.2. Length-frequency histograms for Cnidoglanis macrocephalus caught in 
Princess Royal Harbour between July 1993 and December 1994. J = juveniles 
(stippled bars); F = females (open bars); M = males (filled bars). Chapter 2      35
Table 2.1. The estimated spawning period, birth date, length-weight relationship, 
absolute fecundity, length at sexual maturity and age at onset of sexual maturity for 
female and male C. macrocephalus in Princess Royal Harbour. The coefficient of 
determination, r
2, is presented for each fitted equation. 
Spawning period 
 October/November-December 
Birth date 
 1  December 
Length-weight relationship 
   Parameter  Estimate  Standard  error  r
2 
 Female  1 φ   -13.70 0.24  0.92 
   2 φ   3.22 0.04   
 Males  1 φ   -13.11 0.17  0.94 
   2 φ   3.12 0.03   
Absolute fecundity 
   Parameter  Estimate  Standard  error  r
2 
 Female  3 φ   -21.04 6.45  0.55 
   4 φ   4.39 1.07   
Length at sexual maturity 
   Parameter  Estimate  Standard  error  r
2 
 Female  5 φ   -7.61 2.27  0.81 
   6 φ   0.021 0.006   
   L 50 355.74     
 Males  5 φ   -9.92 3.18  0.73 
   6 φ   0.024 0.008   
   L 50 412.33     
Age at onset of sexual maturity 
 Female  2+       
 Male  2+       Chapter 2      36
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Figure 2.3. Length-weight relationships for female and male Cnidoglanis 
macrocephalus caught in Princess Royal Harbour between July 1993 and December 
1994. Chapter 2      37
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Figure 2.4. Percentage occurrence of each gonad maturity stage for female and male 
Cnidoglanis macrocephalus caught in Princess Royal Harbour between July 1993 and 
December 1994. Chapter 2      38
Stage III testes were found in all months except January 1994 and March 1994, while 
stage IV testes were found in all months except between January 1994 and March 
1994. Males with stage V testes were caught only in December 1993, October 1994 
and December 1994. No males with stage VI testes were caught and stage VII testes 
were found only between December and March. The numbers of stage II or recovering 
spent testes increased between January and March (Figure 2.4). 
 
The mean monthly GSIs of females increased gradually from 1.2 in July 1993 to reach 
a peak of 5.2 in November, before declining to 3.4 in December 1993 and 0.7 in 
January 1994 (Figure 2.5). They rose slightly to 1.3 in May 1994, and then increased 
to 3.8 in June 1994, after which they decreased to 2.9 in July before gradually rising to 
a peak of 5.8 in November 1994. The mean monthly GSIs then fell to 1.0 in December 
1994. The mean monthly GSIs of males never exceeded 0.25 (Figure 2.5).  
 
The fact that stage V and VI gonads were not found after December and spent (stage 
VII) gonads were first recorded in November 1993 and October 1994 for females and 
in December 1993 for males (Figure 2.4) suggests that spawning occurs in October or 
November and December. The relatively high prevalence of stage VII gonads in 
December and January suggests that spawning peaked in late November and early 
December. This is consistent with the marked decline that occurred in the monthly 
mean GSIs of females between November and December (Figure 2.5). Consequently 
C. macrocephalus was assigned a birth date of 1 December in Princess Royal Harbour. 
 
Fifteen fish with stage V ovaries and one fish with stage VI ovaries were used to 
determine the relationship between fecundity and length (Figure 2.6, Table 2.1). The Chapter 2      39
number of eggs in both ovaries ranged from 75 in a 384 mm fish to 465 in a 443 mm 
fish. 
 
Marginal increment analysis 
The data for fish with two and three translucent zones, and data for fish with seven or 
more translucent zones, were combined due to the lack of small and large 
C. macrocephalus in monthly samples. The mean relative marginal increment in the 
otoliths of fish with two and three translucent zones fell from 0.69 in January to 0.29 
in February and then rose gradually to 0.81 in August (Figure 2.7). This seasonal 
pattern in the trends shown by the mean relative marginal increments with a 
pronounced decline occurring only once in the year suggests that translucent zones are 
formed annually. The pattern was similar for otoliths that possessed four to 10 
translucent zones, where the results were more conclusive due to larger sample sizes in 
most months (Figure 2.7).  
 
Sexual maturity 
All female fish less than 280 mm possessed ovaries at stage I/II and females with 
ovaries at stages V-VII were not found in fish until they had reached 280 mm (Figure 
2.8). Male fish less than 240 mm possessed gonads at stage I/II while males with 
gonad stages V-VII were not found in fish until they had reached 280 mm (Figure 
2.8). The L50s for size at first maturity of females and males were 356 and 412 mm 
respectively (Table 2.1). The first occurrence of fish at stages V-VII were those fish 
aged two or older (Figure 2.9, Table 2.1). Thus, the age at onset of sexual maturity 
was designated as the third year of life for both female and male C. macrocephalus. 
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Figure 2.5. Monthly mean gonadosomatic index (±1 standard error) for female and 
male Cnidoglanis macrocephalus caught in Princess Royal Harbour between July 
1993 and December 1994. 
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Figure 2.6. Length-absolute fecundity relationship for female Cnidoglanis 
macrocephalus caught in Princess Royal Harbour at gonad maturity stages V and VI 
between July 1993 and December 1994. 
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Figure 2.7. Monthly mean relative marginal increments (±1 standard error) for sagittal 
otoliths of Cnidoglanis macrocephalus caught in Princess Royal Harbour between July 
1993 and December 1994. Data have been pooled for years. 
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Figure 2.8. Percentage of each gonad maturity stage for female and male Cnidoglanis 
macrocephalus within each length class for samples caught in Princess Royal Harbour 
during November to January in 1993 and 1994. The relationship between length and 
percentage of sexually mature gonads (stages V-VII) is also shown for each sex. Chapter 2      43
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Figure 2.9. Percentage of each gonad maturity stage for female and male Cnidoglanis 
macrocephalus ages 0+ to 10+ for samples caught in Princess Royal Harbour between 
July 1993 and December 1994. Chapter 2      44
Growth curves fitted using length at age data 
von Bertalanffy growth curves and Schnute (1981) generalised growth curves were 
fitted to female and male length at age (LAA) data (Figure 2.10, Table 2.2). In fitting 
the generalised growth curves, the values selected for the reference ages T1 and T2 
were two and eight years, respectively, as these specified ages bounded the majority of 
the data. The likelihood ratio test indicated that there were significant differences 
(P<0.05) between the growth curves calculated for males and females, with males 
reaching larger sizes than females (Figures 2.10, Table 2.2).  The growth curves for 
male C. macrocephalus derived using von Bertalanffy growth curves and generalised 
growth curves were significantly different (P<0.05) indicating that the four parameter 
Schnute generalised growth curve provided an improved fit compared to the three 
parameter von Bertalanffy growth curve (Table 2.3). The growth curves for female 
C. macrocephalus derived using von Bertalanffy growth curves and generalised 
growth curves were not significantly different (Table 2.3). 
 
Growth curves fitted using back-calculated length data 
Natural logarithmic transformations of length and otolith radius for female and male 
C. macrocephalus were used to remove the heterogeneity in variance present in the 
data. First order polynomial equations using the transformed data provide the majority 
of best fits to the relationships of otolith radius on length for females and males (Table 
2.4, Figure 2.11). Second order polynomial equations using natural logarithm 
transformed data provided the best fits to the relationship of length on otolith radius 
for females and males (Table 2.4, Figure 2.11). 
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Figure 2.10. The von Bertalanffy and Schnute generalised growth curves for female 
and male Cnidoglanis macrocephalus in Princess Royal Harbour between July 1993 
and December 1994 calculated from lengths at age (LAA). The lines are plotted for 
the median growth parameter estimates from 100 randomly resampled data sets (Table 
2.2).Chapter 2      46
Table 2.2. Median estimates (lower and upper 95% confidence level) of von 
Bertalanffy and Schnute generalised growth curve parameters from lengths at age 
(LAA) and back-calculated lengths following the scale proportional hypothesis (SPH) 
and body proportional hypothesis (BPH) from 100 randomly resampled data sets for 
female and male C. macrocephalus in Princess Royal Harbour between July 1993 and 
December 1994. r
2 is the coefficient of determination. n is a range resulting from the 
random assignment of  juveniles to females and males. The statistic, -2Ln(Λ), is the 
median likelihood ratio test statistic (lower and upper 95% confidence level) 
comparing female and male growth curves. Sig. Diff. represents the number of 
significant differences out of a possible 100 at a significance level of 0.05. A 
significant difference is found between the growth curves if nine or more of the 100 
random subsets differ significantly. 
 LAA  SPH  BPH 
von Bertalanffy growth curve 
 Female n  153-164 152-162 152-162 
   L∞ (mm)  714.9 (678.2,776.4)  504.9 (452.7,566.9)  482.0 (447.1,516.3) 
   K (year
-1)   0.10 (0.08,0.11)   0.22 (0.17,0.29)   0.31 (0.26,0.39) 
   t0 (years)    -2.10 (-2.50,-1.81)    -0.31 (-0.55,-0.07)    0.12 (-0.07,0.28) 
   r
2   0.87 (0.85,0.88)   0.93 (0.91,0.94)   0.93 (0.91,0.95) 
 Male  n  201-212 200-210 200-210 
   L∞ (mm)  951.5 (868.9,1102.8) 516.5 (474.6,602.6)  489.1 (461.8,525.7) 
   K (year
-1)  0.07 (0.05,0.08)   0.23 (0.17,0.28)   0.32 (0.27-0.38) 
   t0 (years)   -2.38 (-2.76,-2.07)    -0.30 (-0.54,-0.01)   0.19 (0.02,0.33) 
   r
2  0.88 (0.87,0.89)   0.94 (0.93,0.95)   0.94 (0.93,0.95) 
 Test  -2Ln(Λ)    14.88 (14.51,16.20)  12.82 (5.03,28.09)     7.24 (1.70,26.41) 
   Sig. Diff.  100 100  86 
Schnute generalised growth curve 
   T1  2 2 2 
   T2  8 8 8 
 Female n  153-164 152-162 152-162 
   a     0.03 (-0.03,0.27)   -0.07 (-0.32,0.14)     -0.004 (-0.23,0.17) 
   b     1.68 (-1.22,2.38)   2.72 (1.40,4.30)   2.62 (1.55,3.83) 
   y1  238.2 (232.7,243.3)  211.8 (204.4,217.5)  223.6 (214.8,234.0) 
   y2  450.9 (450.2,452.9)  436.7 (423.5,459.5)  456.0 (439.2,463.6) 
   r
2    0.87 (0.85,0.88)    0.93 (0.92,0.94)    0.93 (0.92,0.95) 
 Male  n  201-212 200-210 200-210 
   a   0.36 (0.22,0.53)    -0.09 (-0.33,0.13)     0.03 (-0.20,0.22) 
   b    -1.62 (-3.34,-0.27)     2.83 (-1.48,4.11)    2.39 (1.57,3.47) 
   y1  239.6 (235.5,244.0)  217.1 (211.9,222.2)  224.3 (217.9,231.0) 
   y2  472.1 (471.5,472.8)  458.0 (435.5,479.4)  469.5 (451.1,492.5) 
   r
2   0.88 (0.87,0.89)    0.95 (0.94,0.96)    0.94 (0.93,0.95) 
 Test  -2Ln(Λ)    14.50 (13.15,19.17)  15.22 (6.63,31.65)     9.22 (2.66,30.07) 
   Sig. Diff.  100 100  94 Chapter 2      47
Table 2.3. Comparisons between von Bertalanffy and Schnute generalised growth 
curves and comparisons between lengths at age (LAA) and back-calculated lengths 
following the scale proportional hypothesis (SPH) and body proportional hypothesis 
(BPH) of Schnute generalised growth curves from 100 randomly resampled data sets 
for female and male C. macrocephalus in Princess Royal Harbour between July 1993 
and December 1994. The statistic, -2Ln(Λ), is the median likelihood ratio test statistic 
(lower and upper 95% confidence level) comparing growth curves. Sig. Diff. 
represents the number of significant differences out of a possible 100 at a significance 
level of 0.05. A significant difference is found between the growth curves if nine or 
more of the 100 random subsets differ significantly. 
 Female  Male 
von Bertalanffy vs Schnute generalised growth curves 
LAA   
  -2Ln(Λ)  0.20 (0.001,1.09)  2.10 (0.62,5.07) 
  Sig. Diff.  0 11 
SPH    
  -2Ln(Λ)  6.66 (0.42,17.43)  9.89 (0.94,27.12) 
  Sig. Diff.  80 91 
BPH   
  -2Ln(Λ)  8.26 (1.18,18.22)  8.43 (1.78,22.43) 
  Sig. Diff.  81 86 
Schnute generalised growth curve 
LAA vs SPH     
  -2Ln(Λ)  43.18 (27.91,58.49)  55.91 (40.63,79.04) 
  Sig. Diff.  100 100 
LAA vs BPH     
  -2Ln(Λ)  31.07 (11.45,58.03)  63.85 (38.40,90.61) 
  Sig. Diff.  100 100 
SPH vs BPH     
  -2Ln(Λ)  34.90 (26.11,44.29)  48.64 (37.96,67.88) 
  Sig. Diff.  100 100 
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Table 2.4. Median estimates (lower and upper 95% confidence level) from regression 
equations for 100 randomly resampled data sets of female and male C. macrocephalus 
in Princess Royal Harbour between July 1993 and December 1994 calculated for 
regressions of Ln(otolith radius) on Ln(total length) and Ln(total length) on Ln(otolith 
radius) for calculation using length at age (LAA) and back-calculated lengths 
following the scale proportional hypothesis (SPH) and body proportional hypothesis 
(BPH). The numbers in parentheses represent the number of times out of a possible 
100 that resulted in the respective model being selected by the stepwise regression as 
the most appropriate for of the model. S is the otolith radius (μm), L is total length 
(mm) and r
2 is the coefficient of determination. 
 Female  Male 
SPH 
) ( 1 0 LnL a a LnS + =   (98) (85) 
  a0  -5.26 (-5.39,-5.18)  -5.46 (-5.53,-5.39) 
  a1  0.86 (0.85,0.88)  0.89 (0.88,0.91) 
 r
2  0.75 (0.72,0.76)  0.78 (0.77,0.80) 
2
2 0 ) (LnL a a LnS + =   (2) (15) 
  a0  -2.72 -2.82  (-2.84,-2.78) 
  a2  0.07 0.08  (0.07,0.08) 
 r
2 0.74  0.78  (0.77,0.80) 
BPH 
2
2 1 0 ) ( ) ( LnS b LnS b b LnL + + =   (100) (100) 
  b0      6.05 (6.046,6.051)  6.07 (6.06,6.07) 
  b1  0.64 (0.60,0.67)  0.64 (0.61,0.67) 
  b2  -0.46 (-0.58,-0.36)   -0.50 (-0.59,-0.40) 
 r
2  0.76  (0.74,0.79)  0.80 (0.79,0.82) 
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Figure 2.11. Regression equations of Ln(otolith radius) on Ln(total length) following 
the scale proportional hypothesis (SPH) and Ln(total length) on Ln(otolith radius) 
following the body proportional hypothesis (BPH) for female and male 
C. macrocephalus in Princess Royal Harbour between July 1993 and December 1994. 
The lines are plotted for the median growth parameter estimates from 100 randomly 
resampled data sets for the most frequently fitted regression model (Table 2.4). 
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Mean back-calculated lengths from the scale proportional and body proportional 
hypotheses were similar (Figure 2.11). Furthermore, the mean back-calculated lengths 
at age in older fish were similar to the mean back-calculated lengths at age in younger 
fish. Examination of the otoliths suggests that the curvilinear relationships were 
probably due to the otoliths of larger fish tending to thicken rather than lengthen. 
 
von Bertalanffy and generalised growth curves were fitted to female and male back-
calculated lengths using the scale proportional hypothesis (SPH) and body 
proportional hypothesis (BPH) (Figures 2.12, 2.13, Table 2.2). In fitting the 
generalised growth curves, the values selected for the reference ages T1 and T2 were 
two and eight years, respectively, as these specified ages bounded the majority of the 
data. The growth curves derived from these back-calculated data, using von 
Bertalanffy growth curves and generalised growth curves indicated that there were 
significant differences (P<0.05) between the growth curves calculated for females and 
males with males reaching a larger size than females (Figures 2.12, 2.13, Table 2.2). 
The likelihood ratio test indicated that there were significant differences (P<0.05) 
between the von Bertalanffy growth curves and generalised growth curves, indicating 
that the four parameter Schnute generalised growth curve provided an improved fit 
compared to the three parameter von Bertalanffy growth curve. 
 
Accordingly, and in order to apply a common form of growth curve, the generalised 
growth curve was selected as being of an appropriate form to describe the growth. 
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Figure 2.12. The von Bertalanffy growth curves for female and male Cnidoglanis 
macrocephalus in Princess Royal Harbour between July 1993 and December 1994 
calculated from lengths at age (LAA) and back-calculated lengths following the scale 
proportional hypothesis (SPH) and body proportional hypothesis (BPH). The lines are 
plotted for the median growth parameter estimates from 100 randomly resampled data 
sets (Table 2.2). 
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Figure 2.13. The Schnute generalised growth curves for female and male Cnidoglanis 
macrocephalus in Princess Royal Harbour between July 1993 and December 1994 
calculated from length at age (LAA) and back-calculated lengths following the scale 
proportional hypothesis (SPH) and body proportional hypothesis (BPH). The lines are 
plotted for the median growth parameter estimates from 100 randomly resampled data 
sets (Table 2.2). Chapter 2      53
Comparisons of growth curves derived from LAA, BPH and SPH data 
The von Bertalanffy growth and generalised growth curves fitted to LAA data were 
significantly different from those curves derived from back-calculated lengths (Table 
2.3). Generally, the mean back-calculated lengths estimated using data obtained from 
the BPH were greater than those estimated by the generalised growth curve using data 
obtained from the SPH (Table 2.5, Figures 2.12, 2.13). The estimated mean back-
calculated lengths using LAA data were greater than those estimated using data 
obtained from the BPH or SPH for ages less than three or greater than eight years old 
(Table 2.5, Figures 2.12, 2.13). Further analyses were undertaken to determine if this 
difference was significant.  
 
Initially the data, for which fish had been aged, were divided into three equal sets for 
calculation using LAA and back-calculated lengths obtained using the SPH and BPH. 
Back-calculated lengths were estimated from first and second order polynomial 
equations using natural logarithm transformed data to provide best fits to the 
relationship of otolith radius on length and length on otolith radius for females and 
males (Table 2.5). In general the fitted equations were most often first order 
polynomials for SPH and second order polynomials for BPH (Table 2.6). Subsequent 
generalised growth curves were estimated using the LAA and back-calculated lengths 
following the SPH and BPH. The high proportion of occasions on which differences 
among the growth curves for the different subsets of data were found to be significant 
provided conclusive evidence that there were significant differences (P<0.05) between 
the growth curves derived from LAA data and back-calculated data using the SPH and 
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Table 2.5. Estimated total lengths (mm) at sequential ages (years) from the von 
Bertalanffy and Schnute generalised growth curves obtained from length at age (LAA) 
and back-calculated lengths following the scale proportional hypothesis (SPH) and 
body proportional hypothesis (BPH) for female and male C. macrocephalus in 
Princess Royal Harbour between July 1993 and December 1994. The estimated 
lengths are calculated for the median growth parameter estimates from 100 randomly 
resampled data sets (Table 2.2). 
Age  Female    Male    
  LAA SPH  BPH LAA SPH  BPH 
Von Bertalanffy growth curve 
1  188.2 128.4 116.2 190.7 133.5 112.0 
2  237.8 203.9 214.3 239.5 212.3 215.4 
3  282.6 264.2 286.1 285.1 274.8 290.4 
4  323.2 312.5 338.7 327.8 324.5 344.9 
5  360.1 351.0 377.1 367.7 364.0 384.4 
6  393.4 381.9 405.2 405.1 395.4 413.1 
7  423.6 406.5 425.8 440.1 420.3 433.9 
8  451.0 426.3 440.9 472.9 440.1 449.1 
9  475.8 442.0 451.9 503.6 455.8 460.0 
10 498.3 454.6 460.0 532.3 468.3 468.0 
Schnute generalised growth curve 
1  182.7 117.0 94.4  201.1 107.3 82.8 
2  238.2 211.8 223.6 239.6 217.1 224.3 
3  284.6 266.0 285.7 281.2 274.8 291.9 
4  324.9 308.4 331.5 324.3 319.7 341.2 
5  360.9 344.8 369.0 366.9 358.4 380.9 
6  393.5 377.6 401.3 406.7 393.6 414.5 
7  423.4 407.9 430.0 442.1 426.5 443.6 
8  450.9 436.7 456.0 472.1 458.0 469.5 
9  476.5 464.2 480.0 496.4 488.5 492.7 
10 500.3 490.8 502.2 515.4 518.4 513.8 Chapter 2      55
Table 2.6. Median estimates (and 95% confidence level) from regression equations for 
100 resampled data sets of female and male C. macrocephalus in Princess Royal 
Harbour between July 1993 and December 1994 calculated for regressions of 
Ln(otolith radius) on Ln(total length) and Ln(total length) on Ln(otolith radius) where 
the data for each sex was randomly divided into three equal sets for calculation using 
lengths at age (LAA) and back-calculated lengths following the scale proportional 
hypothesis (SPH) and body proportional hypothesis (BPH). The numbers in 
parentheses represent the number of times out of a possible 100 that resulted in the 
respective model being fitted by the stepwise regression as the most appropriate for of 
the model. S is the otolith radius (μm), L is total length (mm) and r
2 is the coefficient 
of determination. 
 Female  Male 
SPH 
) ( 1 0 LnL a a LnS + =   (61) (54) 
  a0   -5.19 (-5.89,-4.77)  -5.49 (-5.92,-5.06) 
  a1  0.85 (0.78,0.97)  0.90 (0.82,0.97) 
 r
2  0.74 (0.66,0.81)  0.78  (0.71,0.84) 
2
2 0 ) (LnL a a LnS + =   (37) (32) 
  a0   -2.84 (-3.18,-2.58)  -2.94 (-3.21,-2.67) 
  a2  0.08 (0.07,0.09)  0.079 (0.07,0.09) 
 r
2  0.77 (0.69,0.84)  0.80 (0.75,0.86) 
2
2 1 0 ) ( ) ( LnL a LnL a a LnS + + =   (2) (4) 
  a0     -19.59 (-19.85,-19.33)  -18.07 (-28.26,-16.65) 
  a1  5.88 (5.79,5.96)  5.19 (4.81,8.65) 
  a2   -0.44 (-0.44,-0.43)  -0.37 (-0.66,-0.33) 
 r
2  0.69 (0.68,0.71)  0.80 (0.78,0.82) 
BPH 
) ( 1 0 LnS b b LnL + =   (25) (11) 
  b0  6.06 (6.02,6.09)  6.08 (6.03,6.10) 
  b1  0.85 (0.77,1.04)  0.86 (0.79,0.97) 
 r
2  0.76 (0.68,0.83)  0.80 (0.71,0.83) 
2
2 1 0 ) ( ) ( LnS b LnS b b LnL + + =   (75) (89) 
  b0  6.05 (6.02,6.08)  6.07 (6.04,6.09) 
  b1  0.59 (0.42,0.76)  0.63 (0.47,0.75) 
  b2   -0.55 (-0.96,-0.32)   -0.51 (-0.83,-0.33) 
 r
2  0.77 (0.64,0.86)  0.80 (0.73,0.87) 
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Table 2.7. Median estimates (and 95% confidence level) of Schnute generalised 
growth curves parameters from 100 randomly resampled data sets of female and male 
C. macrocephalus in Princess Royal Harbour between July 1993 and December 1994 
calculated for regressions of Ln(otolith radius) on Ln(total length) and Ln(total length) 
on Ln(otolith radius) where the data for each sex was divided into three equal sets for 
calculation using lengths at age (LAA) and back-calculated lengths following the scale 
proportional hypothesis (SPH) and body proportional hypothesis (BPH). The statistic, 
-2Ln(Λ), is the median likelihood ratio test statistic (lower and upper 95% confidence 
level) comparing growth curves. Sig. Diff. represents the number of significant 
differences out of a possible 100 at a significance level of 0.05. r
2 is the coefficient of 
determination. A significant difference is found between the growth curves if nine or 
more of the 100 random subsets differ significantly. 
 Female  Male 
  T1  2 2 
  T2  8 8 
  n  50-55 65-70 
LAA 
  a  0.19 (-0.31,1.59)  0.49 (-0.27,1.69) 
  b  -0.005 (-13.23,4.89)  -2.96 (-14.94,3.65) 
  y1  242.12 (229.66,262.10)  242.76 (228.98,257.00) 
  y2  452.73 (439.35,467.43)  473.81 (460.94,485.16) 
  r
2  0.86 (0.79,0.91)  0.88 (0.83,0.91) 
SPH 
  a  -0.06 (-1.03,0.40)   -0.12 (-0.61,0.43) 
  b  2.75 (0.50,9.16)  2.86 (0.34,6.42) 
  y1  212.09 (196.05,229.35)  218.54 (206.84,233.60) 
  y2  437.10 (388.37,486.85)  459.14 (410.67,497.37) 
  r
2  0.94 (0.90,0.96)  0.95 (0.93,0.97) 
BPH 
  a  0.032 (-0.45,0.64)  0.02 (-0.42,0.38) 
  b  2.30 (0.28,5.38)  2.40 (1.01,4.65) 
  y1  221.86 (202.73,246.98)  225.68 (207.69,245.23) 
  y2  451.49 (410.42,509.47)  468.98 (435.62,521.32) 
  r
2  0.94 (0.90,0.96)  0.95 (0.91,0.97) 
LAA vs SPH 
  -2Ln(Λ)  17.89 (5.88,37.03)  20.30 (5.14,38.14) 
  Sig. Diff.  100 99 
LAA vs BPH 
  -2Ln(Λ)  10.00 (3.16,26.72)  20.52 (5.07,45.89) 
  Sig. Diff.  93 99 
SPH vs BPH 
  -2Ln(Λ)  20.91 (5.36,50.63)  25.93 (4.55,68.02) 
  Sig. Diff.  99 100 Chapter 2      57
A subsequent analysis was undertaken to determine if the differences in the fitted 
growth curves were due to the different numbers of data points at each age in the three 
data sets. In this analysis, the female and male data were divided into three equal sets, 
where the number of observations of fish of each age was identical within each subset, 
for estimating the von Bertalanffy growth curves using LAA data and back-calculated 
data using the SPH and BPH. In the fitted equations for back-calculated lengths there 
were a mixture of first and second order polynomials for back-calculated lengths 
following the SPH and BPH (Table 2.8). Subsequent generalised growth curves were 
estimated using the LAA and back-calculated lengths following the SPH and BPH. 
While there were fewer resampled data sets showing a difference, the high number of 
significant differences that were detected among the growth curves for the different 
subsets of data demonstrated that there were significant differences (P<0.05) between 
the growth curves derived from LAA data and back-calculated data using the SPH and 
BPH (Table 2.9). 
 
These results demonstrated that the growth curves calculated using back-calculated 
lengths differ significantly from those using LAA data. The tests eliminated the effect 
of the range and distribution of ages in the samples to which the growth curves had 
been fitted. It is clear that the lengths at age for the younger fish that are calculated 
using the growth curve fitted to the back-calculated data are less than those estimated 
using the growth curve fitted to the LAA data and that this is not an artefact arising 
from the age composition of the samples. Accordingly, Lee’s phenomenon or 
sampling selectivity may be having an effect. That gear selectivity may have 
influenced the lengths at ages of the younger fish is suggested by the fact that few fish 
with lengths less than 200 mm were sampled (Figure 2.2). Chapter 2      58
Table 2.8. Median estimates (and 95% confidence level) from regression equations for 
100 randomly resampled data sets of female and male C. macrocephalus in Princess 
Royal Harbour between July 1993 and December 1994 calculated for regressions of 
Ln(otolith radius) on Ln(total length) and Ln(total length) on Ln(otolith radius) where 
the data for each sex was divided into three equal sets for calculation using lengths at 
age (LAA) and back-calculated lengths following the scale proportional hypothesis 
(SPH) and body proportional hypothesis (BPH). The numbers in parentheses represent 
the number of times out of a possible 100 that resulted in the respective model being 
selected by the stepwise regression as the most appropriate for of the model. S is the 
otolith radius (μm), L is total length (mm) and r
2 is the coefficient of determination. 
 Female  Male 
SPH 
) ( 1 0 LnL a a LnS + =   (65) (8) 
  a0   -5.04 (-5.99,-4.04)   -5.18 (-6.26,-4.39) 
  a1  0.82 (0.66,0.99)  0.85 (0.72,1.03) 
 r
2  0.67 (0.46,0.82)  0.70 (0.52,0.84) 
2
2 0 ) (LnL a a LnS + =   (23) (67) 
  a0   -2.75 (-3.08,-2.27)   -2.82 (-3.17,-2.48) 
  a2  0.07 (0.06,0.08)  0.08 (0.07,0.09) 
 r
2  0.70 (0.51,0.77)  0.76 (0.63,0.86) 
2
2 1 0 ) ( ) ( LnL a LnL a a LnS + + =   (12) (25) 
  a0     -42.25 (-52.93,-21.47)      -36.24 (-55.91,-24.24) 
  a1  13.51 (6.57,17.14)   11.42 (7.27,18.08) 
  a2   -1.08 (-1.39,-0.50)   -0.90 (-1.46,-0.54) 
 r
2  0.68 (0.62,0.72)  0.70 (0.50,0.82) 
BPH 
) ( 1 0 LnS b b LnL + =   (56) (30) 
  b0  6.05 (6.00,6.10)  6.06 (6.03,6.11) 
  b1  0.83 (0.63,0.98)  0.83 (0.68,1.00) 
 r
2  0.70 (0.49,0.83)  0.77 (0.56,0.85) 
2
2 0 ) (LnL a a LnS + =   (2)  
  b0  6.04 (6.01,6.07)   
  b2  -1.60 (-1.70,-1.50)   
 r
2 0.54  (0.37,0.72)   
2
2 1 0 ) ( ) ( LnS b LnS b b LnL + + =   (42) (70) 
  b0  6.06 (6.01,6.10)  6.07 (6.04,6.10) 
  b1  0.54 (0.35,0.78)  0.55 (0.34,0.73) 
  b2   -0.67 (-1.07,-0.43)   -0.68 (-1.15,-0.45) 
 r
2  0.74 (0.60,0.86)  0.76 (0.65,0.86) 
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Table 2.9. Median estimates (and 95% confidence level) of Schnute generalised 
growth curves parameters from 100 randomly resampled data sets where female and 
male C. macrocephalus in Princess Royal Harbour between July 1993 and December 
1994 were divided into three equal sets, where the number of observations of fish of 
each age was identical within each subset, for calculation using lengths at age (LAA) 
and back-calculated lengths following the scale proportional hypothesis (SPH) and 
body proportional hypothesis (BPH). The statistic, -2Ln(Λ), is the median likelihood 
ratio test statistic (lower and upper 95% confidence level) comparing growth curves. 
Sig. Diff. represents the number of significant differences out of a possible 100 at a 
significance level of 0.05. r
2 is the coefficient of determination. A significant 
difference is found between the growth curves if nine or more of the 100 random 
subsets differ significantly. 
 Female  Male 
  T1  2 2 
  T2  8 8 
  n  22-37 31-46 
LAA 
  a  0.12 (-0.71,1.78)  0.52 (-0.37,2.05) 
  b  1.41 (-11.01,8.31)  -1.89 (-14.71,4.47) 
  y1  242.15 (230.62,256.99)  241.12 (224.63,254.24) 
  y2  441.05 (394.54,489.35)  464.08 (424.06,509.81) 
  r
2  0.83 (0.71,0.93)  0.87 (0.81,0.93) 
SPH 
  a  0.038 (-0.47,0.72)  -0.15 (-0.60,0.55) 
  b  1.99 (-2.39,5.14)  2.98 (-1.57,5.67) 
  y1  207.00 (178.04,243.94)  216.75 (189.16,252.12) 
  y2  422.10 (376.94,476.71)  451.50 (392.42,502.33) 
  r
2  0.917 (0.85,0.95)  0.922 (0.88,0.96) 
BPH 
  a  0.23 (-0.27,1.67)  0.05 (-0.33,0.73) 
  b  1.39 (-8.47,4.28)  1.98 (-1.91,4.31) 
  y1  225.11 (187.55,260.67)  220.07 (191.32,255.53) 
  y2  443.44 (402.00,488.31)  473.61 (426.86,527.67) 
  r
2  0.90 (0.78,0.95)  0.93 (0.84,0.95) 
LAA vs SPH 
  -2Ln(Λ)  17.37 (3.21,37.82)  16.13 (4.40,40.62) 
  Sig. Diff.  96 98 
LAA vs BPH 
  -2Ln(Λ)  8.04 (1.18,25.34)  14.17 (3.21,38.08) 
  Sig. Diff.  80 95 
SPH vs BPH 
  -2Ln(Λ)  21.19 (2.65,52.60)  25.14 (6.93,66.59) 
  Sig. Diff.  95 100 Chapter 2      60
Life history parameters 
Recent estimates of life history parameters of C. macrocephalus in the Swan River 
Estuary, Wilson Inlet and Princess Royal Harbour, including the spawning period, 
birth date, age and length at sexual maturity, absolute fecundity and length-weight 
relationship are presented in Table 2.10 and growth curves are presented in Table 2.11 
and Figure 2.14. 
 
Natural mortality 
Using the maximum age method, estimates of the instantaneous natural mortality 
coefficient for C. macrocephalus were 0.307 and 0.230 year
-1 assuming maximum 
ages of 15 and 20 years, respectively. These maximum ages were chosen as alternative 
upper limits for C. macrocephalus populations in the absence of fishing and selected 
on the basis of the maximum age sampled during this study and those of Nel et al. 
(1985) and Laurenson et al. (1994). 
 
Catch and effort 
The mean monthly number of commercial vessels and catches of C. macrocephalus in 
the Swan River Estuary, Peel Inlet-Harvey Estuary and Leschenault Inlet have 
declined gradually since the 1970s (Figure 2.15). The mean monthly number of 
vessels in Wilson Inlet has gradually increased since the 1970s, but remained 
relatively stable in the Princess Royal Harbour, Oyster Harbour and King George 
Sound combined, except during a period of increased activity during the early 1990s. 
The annual catches in these estuaries and marine embayments broadly follow a similar 
overall trend to that shown by the mean monthly number of vessels (Figure 2.15). In 
addition, the annual catches have been characterised by periods of high catches 
followed by periods of low catches. These estuaries and marine embayments account Chapter 2      61
for more than 79% of total commercial catches of C. macrocephalus in any year in 
Western Australia (Figure 2.15). Moreover, since 1992, they have accounted for over 
90% of the total annual commercial catch of C. macrocephalus in Western Australia. 
 
Yield per recruit and egg per recruit 
The parameter estimates for the calculation of yield per recruit and egg per recruit are 
presented in Tables 2.1, 2.2, 2.10 and 2.11. The von Bertalanffy growth equation that 
was estimated from back-calculated lengths using the body proportional hypothesis 
was used to describe the growth of C. macrocephalus in Princess Royal Harbour 
(Table 2.2). It was assumed that there was an equal proportion of females and males in 
the populations in Princess Royal Harbour, the Swan River Estuary and Wilson Inlet. 
Two levels of instantaneous natural mortality coefficient were used, 0.31 and 0.23 
year
-1 assuming maximum ages of 15 and 20 years respectively. A series of legal 
minimum lengths (LMLs), ranging from 200 mm to 750 mm in increments of 10 mm, 
was used to identify the onset of fishing mortality, which was thus knife-edged in form 
with zero fishing mortality below the LML and fully-effective fishing mortality, F, 
above the LML. In Western Australia, the legal minimum size limit for 
C. macrocephalus is 430 mm (TL). 
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Table 2.10. The estimated spawning period, birth date, age and length at sexual 
maturity, absolute fecundity and length-weight relationship for C. macrocephalus in 
the Swan River Estuary and Wilson Inlet. E is absolute fecundity (eggs), W is total 
weight (g) and L is total length (mm). 
Spawning period 
  Swan River Estuary  Nel et al 1985  October-December 
 Wilson  Inlet  Laurenson  et al. 1993a October-December/January 
Birth date 
  Swan River Estuary  Laurenson et al. 1994  1 November 
 Wilson  Inlet  Laurenson  et al. 1994  1 December 
Age and length at sexual maturity  Female (%)  Male (%) 
  Swan River Estuary  Nel et al 1985     
    0+  0  0 
      1+  14.0 (>405 mm)  22.5 (>385 mm) 
    2++  100  100 
   Morrison  1988     
    0+  0  0 
      1+  25 (>375 g)  20 (>375 g) 
    2++  100  100 
 Wilson  Inlet  Laurenson  et al. 1994     
    0+  0  0 
    1+  1.7  3.6 
      2+  22.7 (>425 mm)  16.3 (>425 mm) 
    3++  100  100 
Absolute fecundity 
  Swan River Estuary  Nel et al 1985  L E 10 10 log 54 . 2 70 . 3 log + − =  
     W E 10 10 log 96 . 0 34 . 0 log + =  
  Wilson Inlet  Unpublished data
1  L E ln 71 . 1 40 . 3 ln + − =  
Length-weight relationship 
  Swan River Estuary  Nel 1983   
    Female  L W 10 10 log 22 . 3 83 . 5 log + − =  
    Male  L W 10 10 log 19 . 3 76 . 5 log + − =  
  Wilson Inlet  Unpublished data
2 
    Female  L W ln 13 . 3 95 . 12 ln + − =  
    Male  L W ln 04 . 3 43 . 12 ln + − =  
1Laurenson (1992) and Kowarsky (1975) unpublished data. 
2Laurenson (1992) unpublished data. Chapter 2      63
Table 2.11. Estimated growth curves for C. macrocephalus in the Swan River Estuary, 
Wilson Inlet and Princess Royal Harbour. L is total length (mm) and t is age (years). 
The reference ages used by Laurenson et al. (1994) and Laurenson (1992) when fitting 
the Schnute growth equations presented below, were 1 and 4 years. 
Swan River Estuary (Laurenson et al. 1994) 
 Female  53 . 0 / 1
) 1 4 ( 37 . 0
) 1 ( 37 . 0
53 . 0 53 . 0 53 . 0
1
1
) 183 530 ( 183 ⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
− + =
− −
− −
e
e
L
t
t  
 Male  04 . 1 / 1
) 1 4 ( 20 . 0
) 1 ( 20 . 0
04 . 1 04 . 1 04 . 1
1
1
) 184 527 ( 184 ⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
− + =
− −
− −
e
e
L
t
t  
Wilson Inlet (Laurenson et al. 1994) 
 Female  99 . 0 / 1
) 1 4 ( 96 . 0
) 1 ( 96 . 0
99 . 0 99 . 0 99 . 0
1
1
) 158 556 ( 158
−
− −
− −
− − −
⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
− + =
e
e
L
t
t  
 Male  71 . 0 / 1
) 1 4 ( 82 . 0
) 1 ( 82 . 0
71 . 0 71 . 0 71 . 0
1
1
) 156 543 ( 156
−
− −
− −
− − −
⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
− + =
e
e
L
t
t  
Princess Royal Harbour (Laurenson 1992) 
 Female  30 . 3 / 1
) 1 4 ( 26 . 0
) 1 ( 26 . 0
30 . 3 30 . 3 30 . 3
1
1
) 156 340 ( 156 ⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
− + =
−
−
e
e
L
t
t  
 Male  26 . 3 / 1
) 1 4 ( 19 . 0
) 1 ( 19 . 0
26 . 3 26 . 3 26 . 3
1
1
) 163 338 ( 163 ⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
− + = −
−
e
e
L
t
t  
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Figure 2.14. Schnute generalised growth curves for female and male 
C. macrocephalus in the Swan River Estuary, Wilson Inlet and Princess Royal 
Harbour. Growth curves for Swan River Estuary and Wilson Inlet are from Laurenson 
et al. (1994) (Table 2.11). A growth curve for Princess Royal Harbour is from 
Laurenson (1992) (Table 2.11). The other growth curves in Princess Royal Harbour 
are from this study calculated from back-calculated lengths following the scale 
proportional hypothesis (SPH) and body proportional hypothesis (BPH) (Table 2.2). 
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Figure 2.15. The commercial catches of Cnidoglanis macrocephalus between 1952 
and 2002 and the mean monthly number of vessels in the five main estuaries and 
marine embayments in Western Australia in which it is commercially caught. The total 
Western Australia commercial catch of C. macrocephalus is also presented. The 
fishers from Leschenault Estuary were bought out in 2000, and subsequently the 
estuary is no longer fished commercially.  Chapter 2      66
The yield per recruits of female and male C. macrocephalus in Princess Royal 
Harbour, Swan River Estuary and Wilson Inlet differ (Figure 2.16) reflecting the 
differences between the growth curves of those sexes in the three systems.  The yield 
per recruit was greatest in the Swan River Estuary, followed by Wilson Inlet and was 
substantially lower in Princess Royal Harbour (Figures 2.16, 2.17, 2.18). Yield per 
recruit calculated from growth curves estimated using back-calculated lengths 
following the SPH and BPH in the Swan River Estuary were similar. The yield per 
recruit increased as the instantaneous rate of natural mortality was decreased (Figures 
2.16, 2.17, 2.18).  
 
The biological reference point Fmax was 0.26 year
-1 in the Swan River Estuary, 0.38 
year
-1 in Wilson Inlet and was not reached in Princess Royal Harbour assuming a 
natural mortality of 0.23 year
-1 and a legal minimum size limit of 430 mm (Figure 
2.17, Table 2.9). The instantaneous rate of fishing mortality at the biological reference 
point F0.1 ranged from 0.15 year
-1 in the Swan River Estuary, to 0.22 year
-1 in Wilson 
Inlet to 0.2 and 0.25 year
-1 in Princess Royal Harbour for SPH and BPH respectively, 
assuming a natural mortality of 0.23 year
-1 and a legal minimum size limit of 430 mm 
(Table 2.12). The instantaneous rates of fishing mortality level corresponding to Fmax 
and F0.1 increased with increasing instantaneous rate of natural mortality and 
increasing legal minimum size limit (Figures 2.17, 2.18). 
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Figure 2.16. Estimated yield (g) per recruit (Y/R) for female and male Cnidoglanis 
macrocephalus, in Princess Royal Harbour, Swan River Estuary and Wilson Inlet for 
two choices of the instantaneous rate of natural mortality (M). The instantaneous rate 
of fishing mortality (F) was assumed to be knife-edged at a legal minimum size limit 
of 430 mm (TL). 
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Figure 2.17. Estimated yield (g) per recruit (Y/R) and egg (ova) per recruit (E/R) for 
total Cnidoglanis macrocephalus, in Princess Royal Harbour, Swan River Estuary and 
Wilson Inlet for two choices of the instantaneous rate of natural mortality (M). The 
biological reference points, maximum sustainable yield (MSY), F0.1 and F40% are 
shown. The instantaneous rate of fishing mortality (F) was assumed knife-edge at a 
legal minimum size limit of 430 mm (TL). Chapter 2      69
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Figure 2.18. Contour of estimated yield (g) per recruit (Y/R) for total Cnidoglanis 
macrocephalus in Princess Royal Harbour, Swan River Estuary and Wilson Inlet for 
various legal minimum size limits (LML). The instantaneous rate of fishing mortality 
(F) was assumed knife-edge at the various legal minimum size limits. The biological 
reference point F0.1 is shown (open circles).Chapter 2      70
Table 2.12. Estimated instantaneous rate of fishing mortality (F), yield (g) per recruit 
(Y/R) and egg (ova) per recruit (E/R) for total Cnidoglanis macrocephalus, in Swan 
River Estuary, Wilson Inlet and Princess Royal Harbour for two choices of the 
instantaneous rate of natural mortality (M). Estimates for the biological reference 
points, Fmax, F0.1 and F40% are shown assuming fishing is knife-edge at a legal 
minimum size limit (LML = 430 mm). Growth curves used in the calculation of Y/R 
and E/R in the Princess Royal Harbour were estimated from back-calculated lengths 
following the scale proportional hypothesis (SPH) and body proportional hypothesis 
(BPH). * could not be calculated. 
    M = 0.31  M=0.23 
   F  Y/R  E/R  F  Y/R  E/R 
   (year
-1) (g)  (ova)  (year
-1) (g)  (ova) 
Swan River Estuary 
 F max 0.38 209.3    0.26 309.6   
 F 0.1 0.21  194.7    0.15  289.6   
 F 40% 0.24    709.1 0.19    1307.6 
Wilson Inlet 
 F max 0.47 181.6    0.38 255.0   
 F 0.1 0.28  169.5    0.22  237.6   
 F 40% 0.24    446.4 0.20    788.7 
Princess Royal Harbour (SPH) 
 F max >5  *    0.87  62.1   
 F 0.1  0.32  36.1  0.20  53.8   
 F 40%  0.20  38.9  0.14  112.5 
Princess Royal Harbour (BPH) 
 F max >5  *    1.59  76.9   
 F 0.1  0.37  44.6  0.25  64.7   
 F 40%  0.26  48.3  0.16  117.5 Chapter 2      71
The egg production per recruit showed a similar pattern to the yield per recruit and 
was greatest for C. macrocephalus in the Swan River Estuary, followed closely by 
Wilson Inlet and was least in Princess Royal Harbour (Figure 2.17, Table 2.12). The 
instantaneous rate of fishing mortality at the biological reference point F40% was 
0.19 year
-1 in the Swan River Estuary, 0.20 year
-1 in Wilson Inlet and 0.14 and 0.16 
year
-1 in Princess Royal Harbour for SPH and BPH respectively, assuming a natural 
mortality of 0.23 year
-1 and a legal minimum size limit of 430 mm (Table 2.12). The 
instantaneous rate of fishing mortality level at F40% increased with increasing 
instantaneous rate of natural mortality and increasing legal minimum size limit. Chapter 2      72
2.4 Discussion 
 
Size composition  
The size composition of samples of C. macrocephalus obtained from Princess Royal 
Harbour in this study was similar to those found in the Swan River Estuary (Kowarsky 
1975, Nel et al. 1985), Peel-Harvey Estuary (Lenanton et al. 1984) and Wilson Inlet 
(Laurenson et al. 1993b). This similarity included the paucity of small fish (< ca 
200 mm) and, except in the case of the closed fishing waters of the Wilson Inlet 
(Laurenson et al. 1993b), the lack of large fish (> ca 500 mm).  
 
The absence of small fish reflects, in part, the fact that the larvae hatch at a particular 
size and are guarded by males who excavate burrows for this purpose (Laurenson et 
al. 1993a). Such burrows were not sampled by the mechanical harvesters used as 
sampling devices in the present study. The harvesters, which were used to remove the 
large volumes of macroalgae that are found Princess Royal Harbour, were considered 
likely to be equally effective in catching C. macrocephalus of all sizes and therefore 
capable of capturing considerable numbers of small individuals. The likely reasons for 
the lack of small fish caught in the present study include the possibility that nursery 
areas lay outside the sampling areas, size-selective sampling by the harvesters, 
difficulty in detecting the smaller individuals amongst the macroalgae that were 
harvested or recruitment failure in the years of sampling. Irrespective of the reason for 
the inability to capture numbers of small fish, it should be recognised that the length 
samples of the younger age classes may be biased towards the larger individuals 
within these age classes. 
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The absence of large fish captured from Princess Royal Harbour may reflect in part the 
slower growth rate of C. macrocephalus in this system. Laurenson et al. (1993b) 
shows that the majority of the sizes of taken by commercial fishing using mesh sizes 
of 89 mm to 102 mm in Wilson Inlet are between 400 mm and 650 mm. Thus, there is 
a tendency for commercial fishing to be causing size-selective mortality. However, 
Laurenson et al. (1993b) suggest that the presence of closed fishing waters in the 
Wilson Inlet acts as a refuge for larger C. macrocephalus and thus represents a 
reservoir from which fish are recruited into the open fishing waters. The situation may 
also be similar for C. macrocephalus in Princess Royal Harbour where, in response to 
health concerns related to a discharge of mercury-contaminated industrial effluent into 
the system, there was a partial closure of the harbour to commercial fishing between 
May 1984 and August 1992 (Francesconi and Lenanton 1992, Francesoni et al. 1997). 
While effluent ceased to be discharged in 1984, most fish contained concentrations of 
mercury in their muscle tissues that exceeded the maximum permitted concentration 
set by the Australian health authorities (0.5 mg kg
-1) and these concentrations did not 
decrease to safe levels until 1992. It is very likely that the partial closure of Princess 
Royal Harbour acted as a refuge for large C. macrocephalus and, since sampling for 
this study was carried between 1993 and 1994, i.e. shortly after the reopening of the 
harbour, the lack of large individuals in Princess Royal Harbour may also be related to 
the inability of the harvesters to sample large fish. The presence of a wide range of 
individuals in samples is important for the determination of the lengths at age and 
growth curve parameters. 
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Ageing and age validation 
Cnidoglanis macrocephalus has previously been aged using whole otoliths (Lenanton 
et al. 1984, Nel et al. 1985, Morrison 1988, Laurenson et al. 1994). Examination of 
the otoliths of fish from Wilson Inlet showed that translucent zones were more clearly 
detectable in the lapilli than the asterisci (Laurenson et al. 1994), whereas earlier 
studies found the opposite to be true for C. macrocephalus in the Swan River Estuary 
(Nel et al. 1985, Morrison 1988). Furthermore, the difficulty in obtaining consistent 
measurements of marginal increments in the lapilli of C. macrocephalus from Wilson 
Inlet was not encountered with the asterisci of this species in the Swan River Estuary. 
In this study, ageing was carried out using sectioned asteriscae otoliths, in which 
translucent zones were clearly detectable and produced consistent measurements of 
marginal increments.  
 
The present study demonstrates that the translucent zone becomes delineated between 
January and February and the birth date of C. macrocephalus in Princess Royal 
Harbour is 1 December. Thus, fish with, for example, one, two and three translucent 
zones in February are 14, 26 and 38 months old respectively. Comparisons with 
C. macrocephalus from the Swan River Estuary and Wilson Inlet, where the 
translucent zone becomes delineated in late spring and earlier summer, shows that the 
delineation of the margin of the zone is later in Princess Royal Harbour, probably due 
to the later recovery in water temperatures in marine waters than in estuaries. 
 
The range of age estimates for C. macrocephalus was similar in Princess Royal 
Harbour and the Wilson Inlet (ages 1 through 10) and greater than the range of age 
estimates in the Swan River Estuary (ages 1 through 6) (Nel et al. 1985, Laurenson 
1992, Laurenson et al. 1994). Laurenson (1992) and Laurenson et al. (1994) do not Chapter 2      75
discuss why there is a lack of older fish in the Swan River Estuary compared to 
Wilson Inlet or Princess Royal Harbour. A possible explanation is the presence of 
closed waters in the latter two systems, which would provide protection against fishing 
mortality for a proportion of the population and thereby serve as a reservoir from 
which older fish are recruited into the fishery. 
 
Counts of the annuli in otoliths may be used, in combination with the birth date, to 
assist in determining the age only if the annuli have been shown to be formed at a 
particular time of the year, in each year and that the precise age at which the first 
annulus is formed is known (Beamish and McFarlane 1983, Campana 2001). Marginal 
increment analysis of C. macrocephalus in Princess Royal Harbour demonstrates that 
translucent zones are formed annually. Unfortunately the paucity of data for younger 
fish precludes the determination of the age at which the first annulus is laid down 
within the otoliths.  
 
Reproductive biology 
Laurenson et al. (1993a) showed that C. macrocephalus in Wilson Inlet spawns one 
month later and becomes mature at a younger age but similar size than fish in the 
Swan River Estuary. They also demonstrated that C. macrocephalus guards the eggs 
and larvae within a nest, has an advanced stage of development of the larvae at 
hatching, and that there is a rapid transition between the larval and juvenile stages 
(Laurenson et al. 1993a). 
 
This study indicates that C. macrocephalus in Princess Royal Harbour spawns later in 
the year, becomes mature at a smaller size but older age, and has a lower fecundity 
than in the Swan River Estuary (Nel 1983) and Wilson Inlet (Laurenson et al. 1993a). Chapter 2      76
Kowarsky (1975) found similar results to this study for C. macrocephalus in Princess 
Royal Harbour and Oyster Harbour. In addition, Kowarsky (1975) found that the eggs 
of C. macrocephalus in Princess Royal and Oyster Harbours were heavier than in the 
Swan River Estuary and Wilson Inlet. However, it should be noted that, in the latter 
system, egg weights were obtained from only one individual.  
 
The reproductive strategy of investing considerable energy into the production of a 
few but large eggs, the guarding of eggs and larvae, the advanced stage of 
development of the larvae at hatching and the rapid transition between larval stage and 
juvenile would help maximise survival of C. macrocephalus. Laurenson et al. (1993a) 
argue that such a strategy would help maximise the survival of a species within the 
fluctuating conditions that characterise estuaries. However, their argument runs 
contrary to the general theory of the natural regulation of populations where K-
selected species are more likely to occur in relatively constant and more predictable 
environments (Pianka 1970, Krebs 2001).  
 
Kowarsky (1975) argues that C. macrocephalus, in adapting to estuarine conditions 
which are variable and unpredictable, would favour r-selection, and hence have higher 
fecundities and smaller eggs while, in more stable marine conditions, K-selection 
would be favoured and thus species would have lower fecundity and larger eggs. This 
study indicates that C. macrocephalus in Princess Royal Harbour, a marine 
embayment that is less likely to be affected by widely-fluctuating conditions 
commonly associated with estuaries, provides ideal conditions for species to develop a 
reproductive strategy that invests considerable energy into the production of few 
young.  
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Growth curves 
The calculation of growth curves using the von Bertalanffy growth function and the 
Schnute (1981) generalised growth function were significantly different and indicates 
that the four parameter Schnute generalised growth curve provides an improved fit 
compared to the three parameter von Bertalanffy growth curve of C. macrocephalus in 
the Princess Royal Harbour. This is similar to Laurenson (1992) and Laurenson et al. 
(1994), where the von Bertalanffy growth curves did not adequately describe the 
growth of C. macrocephalus in the Swan River Estuary, Wilson Inlet or Princess 
Royal Harbour. Furthermore, while the present study suggests that growth is slower 
than found by Laurenson (1992), both studies demonstrate that the growth of 
C. macrocephalus in Princess Royal Harbour is slower than in the Swan River Estuary 
and Wilson Inlet. Laurenson et al. (1994) suggests that the similarity between growth 
rates in the Swan River Estuary and Wilson Inlet may reflect a compensation for lower 
water temperature that is related to greater abundance of food. 
 
In this study, an attempt to use back-calculated lengths to overcome the problem of the 
paucity of small C. macrocephalus in samples from Princess Royal Harbour proved 
useful. It was shown that growth curves calculated using back-calculated length were 
significantly different from those determined from length at age data. The differences 
between the growth curves that are derived from length at age and from back-
calculated data are expected when the samples contain few young fish, as the back-
calculated data provide considerable information regarding the lengths of the missing, 
younger fish and thereby improve the accuracy of the estimates of the parameters of 
the growth.  However, the growth curves that have been fitted to the back-calculated 
data for C. macrocephalus in this study also produce estimates of lengths at age for the 
younger fish in the sample that are smaller than those interpolated from the recorded Chapter 2      78
values of length at age.  A difference such as this may be attributed to either bias in the 
estimates of the lengths at formation of the annuli, as calculated using the back-
calculation formulae, or to bias in the recorded lengths at age of the younger fish in the 
sample.  
 
In fitting growth curves to back-calculated lengths of C. macrocephalus in Wilson 
Inlet using the BPH, Laurenson et al. (1994) suggests that it may be possible that 
Lee’s phenomenon is having an impact. In this study, it is suggested that sampling 
selectivity is causing bias in length at age data. As noted earlier, the paucity of smaller 
and younger fish in the samples indicates that the samples of younger fish are, to some 
extent, size selective and, if so, the recorded lengths at age of the younger fish in the 
sample may have a positive bias.  It is thus concluded that the back-calculated 
estimates of length at age of the younger fish are accurate estimates of length at age 
and that the differences between the recorded lengths at age of the younger fish and 
those estimates produced by back-calculation may be attributed to size-selective 
factors that are likely to have introduced a bias when collecting samples of the length 
composition of these younger fish. 
 
Implication for management 
Protection of C. macrocephalus from over exploitation requires consideration of the 
fishing pressure and the influence of changing environmental conditions, some of 
which is natural, some of which is man-made and all of which contribute to the long-
term degradation of estuaries and marine embayments, their stocks and associated 
fisheries. 
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A previous investigation of the significance of the mesh size used by the commercial 
fishery for C. macrocephalus in Wilson Inlet indicated that mesh sizes of 57 mm to 
76 mm result in capture of fish below the size at which sexual maturity is typically 
reached for the first time (Laurenson 1993b). Laurenson (1993b) recommends that the 
minimum legal mesh size be raised to 89 mm, so that the juveniles of this species are 
not exploited. Since that study, fishing areas, fishing practices and resource sharing 
issues have increasingly become the subject of community interest. The estuaries and 
marine embayments of south-western Western Australian, being close to metropolitan 
Perth, are major southern tourist destinations and have seen increasing pressure being 
exerted by recreational fishing groups for commercial fishing to be removed or 
substantially decreased in these estuaries. In order to maintain a basic level of 
commercial fishing presence and production, while encouraging a resource shift 
towards the recreational sector, the Western Australian Government has endeavoured 
to reduce commercial fishing effort through legislated adjustment schemes, such as the 
Fisheries Adjustment Scheme Act 1987, and more recently the Voluntary Fisheries 
Adjustment Scheme 1999. These schemes have significantly reduced the number of 
commercial fishing units operating in these estuarine fisheries. 
 
Management plans for C. macrocephalus in the estuaries and marine embayments of 
Western Australia will need to consider both commercial and recreational fisheries. 
Stabilisation or further reduction of commercial fishing will achieve little unless the 
recreational sector is also managed. Very little is known of the recreational catch and 
effort in Western Australian estuaries and marine embayments. It is possible that the 
reduction in the commercial catch is being absorbed by increases in the recreational 
catches. The only creel surveys that have been carried out of the recreational fishing in 
the estuaries of south-western Australia were those undertaken for Leschenault Inlet, Chapter 2      80
the Peel Harvey Estuary and the Swan River Estuary during 1998 and 1999 (Malseed 
et al. 2000, Malseed and Sumner 2001a, 2001b). Only one angler was found targeting 
C. macrocephalus in the Peel-Harvey and no catch of this species was recorded in any 
estuary. Without information on current recreational catches, it will be necessary to set 
legal minimum size limits that are greater than the size at which sexual maturity is 
typically reached for the first time, if the stocks are to be sustained. 
 
The protection of the C. macrocephalus populations in each estuary or marine 
embayment is important as the assemblages appear to be isolated from each other and 
from those in the marine waters and thus cannot benefit from recruitment from either 
estuaries or marine waters (Avyazian et al. 1994). Avyazian et al. (1994) suggest that 
the early life history characteristics and the habitat preferences of C. macrocephalus 
lead to limited dispersal capabilities and thus support fisheries management strategies 
based on separate local stocks. In this study, the different biological characteristics of 
C. macrocephalus populations in each estuary or marine embayment result in different 
estimates of the appropriate levels of fishing mortality or legal minimum length that 
are derived from the yield per recruit and egg per recruit analyses. Consequently, the 
development of legal minimum size limits needs to take into account these differences.  
 
The biological reference points, F0.1 and F40%, for C. macrocephalus populations in 
Princess Royal Harbour, the Swan River Estuary and Wilson Inlet suggest that, if 
appropriate legal minimum size limits are implemented, it is possible to achieve 
reasonable yields while ensuring that the stocks are not over exploited. This is 
emphasised by the relatively low values of F40% between 0.14 and 0.20 year
-1, in those 
systems when natural mortality was assumed to be 0.23 year
-1. 
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The current legal minimum size limit of 430 mm TL appears to be adequate for the 
C. macrocephalus in Princess Royal Harbour, where the slower growth rates and 
maturation at smaller sizes (L50=356 mm TL for females) suggest that the population 
is robust to fishing. Control of recreational and commercial fishing effort in the Swan 
River Estuary and Wilson Inlet may be necessary to ensure the viability of 
C. macrocephalus populations in these systems. Chapter 3      82
Chapter 3 
Analyses of length-frequency data for the yellowtail trumpeter, 
Amniataba caudavittata (Richardson, 1845), and cardinal fish, Apogon 
rueppellii Günther, 1859, in the Swan River Estuary. 
 
3.1 Introduction 
 
In the preceding chapter, the age of Cnidoglanis macrocephalus was determined from 
the number of annuli on otoliths, a method widely used for ageing teleosts. 
Unfortunately, growth zones are sometimes not formed annually or cannot be detected 
in otoliths and other hard parts and thus an alternative method of ageing has to be 
used. This is the case with the yellowtail trumpeter, Amniataba caudavittata in the 
Swan River Estuary. For comparison purposes length-frequency analysis was also 
used to estimate age and growth of the cardinal fish, Apogon rueppellii. Furthermore, 
as in the preceding chapter, an appropriate sampling regime and an understanding of 
the ecology of these species are crucial for understanding the ways in which sampling 
biases and natural variation may influence estimates of growth. 
 
 Amniataba caudavittata and Apogon rueppellii are classified as estuarine and marine 
since they can complete their entire life cycle within both estuaries and marine waters 
(Lenanton and Potter 1987, Loneragan et al. 1989, Potter and Hyndes 1999). Despite 
their abundance in the Swan River Estuary and other south-western Australian 
estuaries, no detailed studies have been undertaken of the age composition and growth 
rates of either of these two species.  
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Amniataba caudavittata, belongs to the Terapontidae, a perciform family that is found 
in fresh, brackish and marine waters of the Indo-West Pacific (Vari 1978). This 
species occurs northwards of latitude 33
o 16'S on the west coast of Australia, 
throughout northern Australia and into the Torres Strait and the southern half of New 
Guinea (Vari 1978). Although A. caudavittata has been recorded in fresh, estuarine, 
marine and markedly hypersaline waters (Lenanton 1977, Vari 1978), it is essentially 
confined to estuaries in south-western Australia (Potter and Hyndes 1999). Attempts to 
use sagittal otoliths to age A. caudavittata proved unsuccessful because the pattern of 
growth of the otoliths of larger fish underwent a pronounced change during spring 
(Wise et al. 1994). This meant that otoliths could at best only be used to age fish until 
they were about 21-24 months old. 
 
The Apogonidae are small fish that are typically found in the tropics and subtropics of 
both the northern and southern hemispheres (Lachner 1953). Although many species 
of apogonid are found in warm shallow waters and reefs, and particularly in those of 
the Indo-Pacific region (Fraser 1972), some species occur in brackish and even fresh 
water (Lachner 1953). The distribution of Apogon rueppellii extends from Albany in 
temperate south-western Australia northwards and eastwards to Arnhem Land in the 
Northern Territory (Hutchins and Swainston 1986). This species is abundant in marine 
embayments as well as estuaries of south-western Australia (Dybdahl 1979, Chrystal 
et al. 1985, Potter et al. 1983, Loneragan et al. 1989, Hyndes et al. 1999). Chrystal 
et al. (1985) provides the only published information on the age structure, growth 
rates, movement patterns and feeding of A. rueppellii. These authors traced modes in 
sequential monthly length-frequency data, which they classified as belonging to either 
the 0+ or 1+ cohort on the basis of using scales to age 30 large fish (>75 mm) albeit 
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eye to the modes in the length-frequency data. Sampling of A. rueppellii in the 
shallows by seine net and in deeper water by otter trawl showed that this species 
exhibited a marked tendency to move offshore into deeper water during the winter 
months. This tendency was more pronounced in the 1+ than 0+ year classes and in 
larger than smaller 0+ individuals. 
 
Earlier attempts using length-frequency data of A. caudavittata and A. rueppellii, 
which demonstrated that distinct modes corresponding to year classes could be 
followed sequentially through time, indicated that it could prove valuable to undertake 
length-frequency analysis with a stronger quantitative basis. Methods using length-
frequency data to infer the age and growth patterns of fish are based on two basic 
techniques (Pauly 1987, Gallucci et al. 1996).  
 
The first of these techniques consists of analysing a length-frequency distribution for a 
sample collected at a single time and assigning different ages to the fish comprising 
the prominent modes in the sample. Historically, this was achieved by visually 
separating the modes in a length-frequency distribution (Pauly 1987). The first 
statistical treatment of the problem was investigated by Pearson (1894) but the 
practical necessity of a modern computer to implement the statistical procedures 
forced earlier fisheries research to focus on graphical or semi-graphical methods 
(Harding 1949, Cassie 1950, 1954, Tanaka 1962, Bhattacharya 1967). The use of 
contemporary statistical research to advance modal separation and to develop 
computer programs was first undertaken by Hasselblad (1966) with subsequent 
advancements made by numerous researchers (Abramson 1971, Yong and Skillman 
1975, McNew and Summerfelt 1978, Macdonald 1987, Titterington et al. 1992, Clarke 
and Heathcote 1994). Another extension to modal decomposition was the introduction Chapter 3      85
of additional information based on biological considerations including age 
composition data and specification of growth structure (Macdonald and Pitcher 1979, 
Schnute and Fournier 1980, Fournier 1983, Fournier and Breen 1983, Macdonald and 
Green 1990, Tanaka and Tanaka 1990). 
 
A commonly used computer program that utilises modal decomposition is MIX 
(Macdonald and Pitcher 1979, Macdonald and Green 1990), which can fit distributions 
that are assumed to be mixtures of normal, log-normal, gamma or exponential 
distributions, using maximum likelihood estimation. MIX requires that the researcher 
play an interactive role in the fitting process by the choice of initial input values from 
examination of the polymodal length-frequency distribution and by the choice of 
various constraints that reduce the dimensions of the fitting procedure. These 
constraints include the proportions of each mode in the total population summing to 
one and optional choices such that modes may be either fixed, equally spaced or 
assumed to lie on the von Bertalanffy growth curve and modal standard deviations or 
coefficients of variation may be assumed equal.  
 
The second length-frequency analysis technique involves the use of sequential length-
frequency samples collected at different times, whose modes of their component 
distributions are linked in a fashion representing growth (Pauly 1987, Gallucci et al. 
1996). A time sequence of length-frequency distributions may allow the separation of 
component age-groups that are otherwise obscured by overlap in the length-frequency 
distribution at a single time. A simple implementation of this technique is where 
length-frequency analyses is carried out on samples collected at each single time and a 
von Bertalanffy growth curve is subsequently fitted through the estimated means in 
consecutive and sequential sampling periods (e.g. Koranteng and Pitcher 1987). An Chapter 3      86
alternative is integrated modal analysis that simultaneously analyses multiple length-
frequency samples taken at successive times and fits a growth curve to the mean 
lengths of cohorts identified in the data. An early attempt at such a method was 
ELEFAN (Pauly 1987, Gayanilo et al. 1989), but various others have also be 
developed (eg Wetherall et al. 1987, Shepherd 1987) with the most sophisticated 
method being MULTIFAN (Fournier et al. 1990, Fournier and Sibert 1990), which is 
based on substantive statistical procedures. 
 
The ELEFAN (Pauly 1987, Gayanilo et al. 1989) series of programs are possibly the 
best known methodologies for the analysis of fish size data, especially in developing 
countries. The most recent collection of stock assessment tools that includes the 
ELEFAN series is collectively known as FiSAT II (Gayanilo et al. 2002). The 
objective of the ELEFAN I program within the ELEFAN series is to follow modes in 
length-frequency data in successive time periods or years to estimate von Bertalanffy 
growth parameters. The algorithm used in ELEFAN I separates the length-frequency 
distributions into a series of peaks and troughs by a moving average and fits the 
growth curve using an ad hoc estimation procedure based on the number of peaks it 
intersects and the troughs it misses (Pauly 1987). As there is no underlying statistical 
model, the estimates of the von Bertalanffy parameters are not accompanied by 
estimates of their variance, thus providing no measure of the uncertainty in the fit of 
the growth curve to the data (Gallucci et al. 1996).  
 
The MULTIFAN (Fournier et al. 1990, Fournier and Sibert 1990) computer program 
also uses the concept of modes progressing through time but is based on a more 
substantial statistical foundation that involves a robust likelihood-based estimation 
technique. The method simultaneously analyses multiple length-frequency samples Chapter 3      87
taken at successive times and fits a von Bertalanffy growth curve to the estimated 
mean lengths at age, assuming that the lengths of fish in each age class are normally 
distributed. The standard deviation of length about the means is calculated as a 
function of the mean length at age. An advantage of simultaneously analysing multiple 
length-frequency data sets combined with the use of robust likelihood-based 
procedures enables the program to perform hypothesis tests to distinguish between 
models for fitting the data (Fournier et al. 1990, 1991). 
 
Comparisons have been carried out on the performance and sensitivity of different 
combinations of these techniques on various types of data. Rosenberg and Beddington 
(1987) compared ELEFAN with the mixture distribution method of Macdonald and 
Pitcher (1979) and Schnute and Fournier (1980), the predecessor of MIX and 
MULTIFAN. Using Monte Carlo simulations, they found that ELEFAN was more 
sensitive to increasing variance in length at age and consistently underestimates the 
value of K while the mixture distribution method tends to overestimate L∞. Overall the 
mixture distribution method appeared more accurate and robust over a range of data 
but its data requirements were substantially greater, while ELEFAN required less data, 
but, without substantial subjective input by the researcher, it could not be expected to 
give accurate results. The methods of ELEFAN and MULTIFAN have been compared 
with an alternative method, SLCA (Shepherd 1987). The ELEFAN and SLCA 
methods are conceptually very similar although the SLCA algorithm is simpler and 
faster to compute (Shepherd 1987). Basson et al. (1988) performed Monte Carlo of 
SLCA and compared their results to those obtained by Rosenberg and Beddington 
(1987) and indicated that the SLCA method performed better than ELEFAN. Further 
comparisons between these two methods was carried out by Isaac (1990), who showed 
that ELEFAN was more adequate for fast-growing short-lived fish while SLCA was Chapter 3      88
more suitable for slow-growing long-lived fishes. Isaac (1990) also found that, when 
individual variability is high, ELEFAN provides more accurate estimates of L∞ than 
SLCA, which provides more accurate estimates of K, but, when size selection or long 
recruitment periods occur, the estimates of L∞ obtained using SCLA are more accurate 
than those obtained with ELEFAN. In comparing SCLA and MULTIFAN, it was 
found that MULTIFAN consistently performed better in matching the simulated 
patterns of recruitment, proportion at age and mean length at age (Terceiro et al. 
1992). While comparisons of other computer packages have been undertaken (Castro 
and Erzini 1988, Basson et al. 1988, Isaac, 1990), there has been no direct 
comparisons between growth curve parameter estimates obtained from ELEFAN, 
MULTIFAN and fits of growth curves to the mean lengths of cohorts identified in 
multiple length-frequency samples taken at successive times using MIX.  
 
The aim of this chapter was to determine the size compositions and growth of 
A. caudavittata and A. rueppellii in the Swan River Estuary. Growth was determined 
by analysing the trends exhibited by modes in sequential monthly length-frequency 
data. This was achieved firstly by extending MULTIFAN (Fournier et al. 1990, 
Fournier and Sibert 1990), which constrains the means of the cohorts in successive 
samples to the von Bertalanffy growth curve to accommodate and fit a seasonal form 
of the von Bertalanffy growth curve.  
 
The resulting growth curve parameters estimated by MULTIFAN were then compared 
with those derived from the means of the cohorts determined independently for each 
monthly sample by MIX (Macdonald and Pitcher 1979, Macdonald and Green 1990). 
A third method, ELEFAN, was used to fit a second growth curve to peaks in length-
frequency data for A. rueppellii (Pauly 1987, Gayanilo et al. 1989). Analyses of the Chapter 3      89
length-frequency data for A. caudavittata in different samples were also carried out to 
determine whether, as with some other species in the Swan River Estuary, this 
terapontid also tends to move offshore into deeper water during winter (Chubb et al. 
1981, Potter et al. 1988, Potter and Hyndes 1999). The impact of this movement on 
estimating the pattern of growth is investigated. 
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3.2 Methods 
 
Sampling sites, methods and regime 
The Swan River Estuary comprises a long narrow entrance channel, two large central 
basins and the saline regions of the two rivers that discharge into those basins (Figure 
3.1). The entrance channel, basins and saline river reaches are termed the lower, 
middle and upper estuary, respectively (Chalmer 1976). Samples were collected using 
seine nets at eleven sites in nearshore shallow waters and by employing gill nets and 
otter trawls at eight sites in more offshore waters (Figure 3.1). Seine netting and otter 
trawling were carried out during the day, while gill netting was undertaken in the three 
hours after sunset. 
 
Seine netting was carried out twice monthly between February 1977 and December 
1978, once monthly during 1979 and usually bimonthly until February 1982. While 
Sites 1 and 8-11 were sampled throughout the whole period, Sites 2-6 were sampled 
only during 1977 and Site 7 was only sampled until March 1978. The length of the 
seine net used in 1977 (102.5 m) was slightly smaller than that used subsequently 
(133 m). Both nets comprised 25.4 mm mesh in the wings and 9.5 mm in the pocket 
and swept an area of 1670 m
2 and 2815 m
2 respectively. Since it was only possible to 
use half of the 133 m net at sites 1, 8 and 11, the area swept at those sites was reduced 
to 704 m
2. The catches taken by seine net were converted to a density, i.e. number of 
fish caught per 1000 m
2. 
 
Two otter trawl samples were collected monthly at sites 2, 3a, 4-6 and 9 between 
August 1977 and November 1980, at sites 2, 3, 3a and 9 during 1981 and at sites 2, 3 
and 9 between January 1982 and March 1983. The otter trawl was 5 m long and  Chapter 3      91
 
Figure 3.1. Map showing location of sites in the Swan River Estuary where sampling 
was carried out by seine net, otter trawl and gill net between February 1977 and March 
1983. Lower and upper parts of estuary are stippled. 
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consisted of 51 mm and 25 mm mesh in the wings and cod end, respectively. From 
July 1982 onwards, the cod end was replaced with 9 mm mesh. When extended, the 
mouth of the trawl had a width of 2.6 m and a depth of 0.5 m. The otter trawl was 
towed for 5 min at 3-4 km h
-1 on each sampling occasion. 
 
Gill netting was undertaken between May 1978 and March 1979 and usually at 
monthly intervals (Figure 3.1). Two composite gill nets, comprising one sunken and 
one floating net, consisted of ten 20 m long panels, ranging in mesh size from 38 to 
102 mm in approximately 7 mm increments. Gill nets were set for 3 h at eight sites. 
The reader is referred to Chubb et al. (1981) for comprehensive details of the methods 
and regimes for sampling by seine and gill nets and to Loneragan et al. (1989) and 
Chrystal et al. (1985) for those employing otter trawls. 
 
Lengths, weights and gonads 
The total number and wet weight of A. caudavittata and A. rueppelli in each sample 
were recorded. All A. caudavittata and A. rueppellii collected in samples between 
February 1977 and March 1983 were measured (total length) to the nearest 1 mm and 
weighed to the nearest 100 mg, except when the sample contained large numbers, in 
which case measurements and weights were made on a large random subsample. The 
sex of each A. caudavittata and A. rueppellii was recorded between March 1978 and 
March 1980 and between May 1981 and January 1983, respectively, except in the case 
of smaller fish (i.e. <100 mm) in which the gonad could not be recognised as either 
ovary or testis. 
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Length-frequency analysis and growth 
The lengths of A. caudavittata and A. rueppellii caught in each month were grouped 
into 5 mm and 2 mm size classes, respectively. The length-frequency data for males 
and females were kept separate for independent analyses of the growth. The lengths of 
the young fish that could not be sexed were randomly assigned in equal numbers to 
each sex. Since the numbers of one or both sexes of A. caudavittata were low in some 
months, and because the trends exhibited by the modes in length-frequency data for 
each sex were similar in the different years, the lengths for both the males and the 
females in each corresponding month of the different years have been pooled for 
analysing the growth of each sex. In addition to analysing the growth of each sex of 
A. rueppelli, the length-frequency data for each sex were pooled for independent 
analyses of the growth by each year class.  
 
Visual inspection and MIX (Macdonald and Green 1990) were used in an attempt to 
elucidate the number of size cohorts in each of the length-frequency histograms and 
whether (if present) they followed a consistent pattern through each of the sequential 
monthly data sets. MIX was used to determine the distributions of the size cohorts and 
the mean lengths of the normal curves fitted to those distributions in each of the 
sequential monthly histograms (Macdonald and Pitcher 1979, Macdonald and Green 
1990). To enable comparisons with the other computer packages, it was assumed that 
the lengths of fish in each age class are normally distributed and no constraints were 
placed on the estimation of the means or standard deviations during the fitting 
procedure of MIX. Results from previous examinations of the sagittal otoliths of 
A. caudavittata (Wise et al. 1994) and scales of A. rueppellii (Chrystal et al. 1985) 
were used to validate the 0+ and 1+ age classes determined from length-frequency 
histograms.  Chapter 3      94
Growth curves were constructed using a modification of the von Bertalanffy growth 
function, which was fitted to the modal lengths of the size classes in the sequential 
monthly sets of length-frequency data using MULTIFAN (Fournier et al. 1990, 
Fournier and Sibert 1990) and ELEFAN (Pauly 1987, Gayanilo et al. 1989) and 
another independent nonlinear curve fitting technique that employed the results of 
MIX. Each technique used a sinusoidal oscillation that simulated the seasonal trends 
exhibited by growth (Pauly and Gaschütz 1979). The equation is 
) 1 (
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where Lt is the length at age t (in years), L∞ is the mean asymptotic length predicted 
from the equation, K is the growth coefficient, C is a factor which expresses the 
amplitude of the growth oscillations and ts sets the beginning of sinusoidal growth 
oscillation with respect to t = 0. 
*
0 t  determines the hypothetical age at which a fish 
would have zero length if growth followed that predicted by the equation. Note that 
this seasonal form of the von Bertalanffy growth equation which is implemented in 
MULTIFAN and ELEFAN results in a slightly biased estimate for  0 t  (Somers 1988, 
Hoenig and Hanumara 1990) where  0 t is the hypothetical age at when extrapolating 
from the growth curve, a fish would be expected to have zero length. The bias is 
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A birth date of 1 January was assigned to the Swan River Estuary populations of both 
A. caudavittata and A. rueppellii. The birth date for A. caudavittata was estimated 
from a combination of the trends shown by gonadosomatic indices, the occurrence of 
recently-spent ovaries, the initial peak in the length distribution of the 0+ age class and Chapter 3      95
the prevalence of larvae (Potter et al. 1994, Wise et al. 1994). The birth date for 
A. rueppellii was estimated on the basis of a combination of the trends shown by 
gonadosomatic indices and backwards extrapolation of the lengths of the 0+ age class 
in the months when they were first recruited (Chrystal et al. 1985). This birth date was 
used by MULTIFAN to set the first month for each age class. The nonlinear curve 
fitting technique of SPLUS (Insightful 2000) fitted a curve to the means of the modes 
determined by MIX. The sums of squares of the mean lengths were weighted by 
1/SE
2, where the standard error of the mean of the cohort (SE) was obtained from 
MIX. The ELEFAN I procedure of the ELEFAN series of programs was used to 
obtain estimates from L∞, K, C and ts. Further details of the above computer programs 
can be found in Gayanilo et al. (1989), Fournier and Sibert (1990) and Macdonald and 
Green (1990). 
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3.3 Results 
 
Seasonal changes in density 
The numbers of A. caudavittata caught by seine net in successive months at the 
different sites occasionally varied markedly (Figure 3.2), as would be expected with a 
schooling fish caught in shallow waters affected by tides and water temperature. 
However, the catches at sites in both the upper and middle estuary, which yielded the 
greatest overall numbers of fish, show that the density of this species in the shallows 
underwent consistent seasonal changes. Thus, few or no fish were caught in the 
shallows of the upper estuary between June and September of each year, whereas 
densities greater than 15 fish per 1000 m
2 were recorded in one or more of the months 
between November and May and, on a number of those occasions, exceeded 25 fish 
per 1000 m
2 (Figure 3.2). Monthly densities followed similar seasonal trends in the 
middle estuary, but only during 1977/78 and 1979/80. However, in those years, they 
were sometimes relatively very high and on one occasion reached 1264 fish per 
1000 m
2 (Figure 3.2).  
 
The monthly densities of A. rueppellii, derived from catches taken by seine net in the 
shallows, varied markedly (Figure 3.3). However, densities tended to be greatest in 
summer or autumn and were often low in winter. Catches were usually greatest in the 
middle estuary followed by the lower estuary. While large catches were taken in the 
upper estuary during 1977 and early 1978, they came predominantly from the site S5 
at the bottom end of the upper estuary. Chapter 3      97
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Figure 3.2. Mean densities and numbers of Amniataba caudavittata in the upper, 
middle and lower Swan River Estuary between February 1977 and March 1983 
derived from seine net and otter trawl catches, respectively. January and July represent 
the middle month of summer and winter, respectively. 
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Figure 3.3. Mean densities and numbers of Apogon rueppellii in the upper, middle and 
lower Swan River Estuary between February 1977 and March 1983 derived from seine 
net and otter trawl catches, respectively. January and July represent the middle month 
of summer and winter, respectively. Chapter 3      99
Monthly catches of A. caudavittata were far lower in otter trawls and gill nets than in 
seine nets. However, it is still evident that the numbers in the more offshore and 
deeper waters were greater in winter than in summer and early autumn (Figures 3.2, 
3.4). Thus, for example, the total numbers taken in gill nets ranged from 54 to 174 in 
each sample taken between June and August of 1978, whereas they were less than 49 
in each month between October 1978 and March 1979 (Figure 3.4). Although the 
monthly catches of A. rueppelli in otter trawls also varied considerably, they tended to 
be greatest in winter (Figure 3.3). The increase in otter trawl catches in winter 
presumably reflects a movement offshore at that time (Chrystal et al. 1985). The 
capture of only four A. rueppelli in gill nets is a result of gill net selectivity, with the 
minimum mesh size in the composite gill nets being as large as 38 mm. 
 
Size and age composition 
The 0+ age class of A. caudavittata, which resulted from spawning in the summer of 
1977/78 and has a designated birth date of 1 January (Potter et al. 1994), first appeared 
in substantial numbers as small fish (mode 25 mm) in January (Figure 3.4). From the 
numbers of this age class in this and the ensuing months, it is evident that there was a 
particularly strong recruitment of this cohort in 1978. The modes corresponding to the 
0+ cohort in 1978, i.e. the 1978 year class, were very sharply defined and followed a 
highly consistent pattern through the sequential monthly length-frequency 
distributions (Figure 3.4). Thus, this modal class increased from 25 mm in January to 
72 mm in April/May. Although the strong recruitment of 0+ fish in 1978 was not 
represented by large catches in the subsequent mid-winter to early spring period (see 
later for reason), the corresponding mode was still only 73 mm by October, but it then 
increased to 118 mm in January 1979 and 151 mm in March. The length distributions 
of this cohort remained largely distinct from those of both the new 0+ recruits and Chapter 3      100
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Figure 3.4. Length-frequency histograms for Amniataba caudavittata caught 
throughout the Swan River Estuary between February 1977 and March 1980. Data for 
the two sexes have been pooled and only those months where the sample size was > 60 
are presented. S=numbers caught by seine net (filled bars), T=numbers caught by otter 
trawl (open bars) and G=numbers caught by gill net (shaded bars). The line tracks the 
mean lengths of the 1978 year class, as determined by MIX. 
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larger fish until November 1979, in which month this cohort had a modal length of 
160 mm and was approaching the end of its second year of life. Although the lengths 
of the fish in this cohort increasingly merged with those of the group of largest fish in 
the ensuing months, the mode corresponding to the large group of smaller fish was 
still distinct in February and March of 1980 (Figure 3.4). 
 
The otoliths of the members of the strong 0+ cohort in 1978 showed no translucent 
zones until November 1978, when such a zone became delineated near the outer edges 
of those otoliths. The width of the opaque zone that developed outside this translucent 
zone increased markedly in subsequent months until March 1979 and then remained at 
about this level throughout the ensuing autumn and winter months (Wise et al. 1994). 
The appearance of a translucent zone near the periphery of the otoliths of these fish in 
spring, followed by a rapid increase in the surrounding opaque zone or marginal 
increment during the subsequent late spring to early autumn months, is consistent with 
the trends exhibited by the modes in the length-frequency data. The otoliths of the fish 
of the 1978 age class in their second spring of life often exhibited a second translucent 
zone outside and parallel with the first translucent zone (Wise et al. 1994). However, 
the pattern of growth of the otoliths changed markedly when fish reached lengths of ca 
150 mm, with the growth changing from along the longitudinal axis of the otoliths to 
the production of horns diagonally to the longitudinal axis. While translucent zones 
could be detected in these otoliths, they were frequently faint and were either closely 
apposed or irregularly spaced (Wise et al. 1994). The quality and lack of consistency 
of these rings meant that they could not be used for ageing.  
 
Comparisons between the length-frequency distributions for A. caudavittata in 
February to December 1977 and in January to December of both 1978 and 1979 show Chapter 3      102
that recruitment of the 0+ age class was far weaker in 1977 and 1979 than it was in 
1978 (Figure 3.4). However, it was still evident that the modes of the 0+ fish collected 
in February to May 1977 were similar to those of the 0+ age class in the corresponding 
months in 1978. Although recruitment was very weak in 1979, the distribution of the 
lengths of the 0+ fish in March and April/May of that year were still clearly similar to 
those of the 0+ age class in the corresponding months of 1978 (Figure 3.4). 
Furthermore, the 0+ fish in March of 1980, when this cohort first appeared in samples 
in that year, was similar to the mode in March 1978. The position of the modal lengths 
of the 1978 year class in the various months of the first two years of life were 
paralleled by those exhibited by fish of other year classes in the corresponding months. 
Thus, for example, the modal length of 128 mm for the 1978 year class in February of 
1979 is similar to the modes shown by the 1976, 1977 and 1979 year classes in the 
same month in 1977 (131 mm), 1978 (139 mm) and 1980 (123 mm), respectively. 
 
Two well-defined size cohorts were present in many of the individual monthly length-
frequency histograms for A. rueppellii in each of the six years (1977-1982) that this 
species was sampled in the Swan River Estuary (Figures 3.5-3.7). The cohorts of the 
smallest fish, which represent the new 0+ recruits, first appeared in numbers in 
February and December 1977, January in 1979 and 1980 and in February in 1981 and 
1982. However, the similarity in the modes of this cohort in February of each year, 
when they ranged from 32 mm to 42 mm, indicates that spawning occurred at a similar 
time in each of those years. 
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Figure 3.5. Length-frequency histograms for Apogon rueppellii caught throughout the 
Swan River Estuary between February 1977 and December 1978. Data for the two 
sexes have been pooled. S=numbers caught by seine net (filled bars) and T=numbers 
caught by otter trawl (open bars). The line separates the distributions corresponding to 
the 0+ and 1+ age classes, as determined by MIX. Chapter 3      104
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Figure 3.6. Length-frequency histograms for Apogon rueppellii caught throughout the 
Swan River Estuary between January 1979 and December 1980. Data for the two 
sexes have been pooled. S=numbers caught by seine net (filled bars) and T=numbers 
caught by otter trawl (open bars). The line separates the distributions corresponding to 
the 0+ and 1+ age classes, as determined by MIX. Chapter 3      105
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Figure 3.7. Length-frequency histograms for Apogon rueppellii caught throughout the 
Swan River Estuary between January 1981 and December 1982. Data for the two 
sexes have been pooled. S=numbers caught by seine net (filled bars) and T=numbers 
caught by otter trawl (open bars). The line separates the distributions corresponding to 
the 0+ and 1+ age classes, as determined by MIX. 
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 The mode for the 0+ age class in 1980, i.e. the 1980 year class, increased 
progressively from 36 mm in February, to 49 mm in May, to 57 mm in October and 
60 mm in December. The corresponding mode in 1981, i.e. when the fish had become 
one year old, increased from 67 mm in January to 77 mm in April, and remained at 
about this latter length until October. By December 1981, the length distribution of the 
0+ age class had merged with those of the 1+ age class.  
 
The trends exhibited by the modal lengths of the 1977 to 1979, 1981 and 1982 year 
classes were similar to those described above for the 1980 year class (Figures 3.5-3.7). 
However, the modal length for the 0+ age class did decline during the winter of 1977, 
1979, 1981 and 1982 and the 1+ age class was poorly represented in 1977 and the 
second half of 1982. It should also be recognised that the 1+ age class was not always 
well represented in some samples in all years. An examination of scale annuli of 30 
large fish (>75 mm) in May 1978 corroborated the view that these fish were in their 
second year of life (Chrystal et al. 1985). 
 
Growth curves 
The trends shown by the mean monthly lengths for each size cohort of both female 
and male fish, estimated using MULTIFAN, and the fact that C was greater than zero 
in all growth curve equations, show that the growth of both sexes of A. caudavittata is 
markedly seasonal (Table 3.1). The growth curve, fitted to the means of the 
components estimated by MIX, yielded similar growth curve parameters to those 
generated by MULTIFAN (Table 3.1). Indeed, in the case of females, the values were 
virtually identical. When C is unconstrained, this value rises from 1.00 in both sexes to 
1.30 in females and 1.38 in males in winter (Table 3.1). Chapter 3      107
Table 3.1. Parameters (±1 standard error) for the growth curves of Amniataba 
caudavittata constructed using MULTIFAN and the mean lengths produced by MIX. 
The coefficient of determination, r
2, is presented for each fitted equation. NA, not 
applicable. 
  L∞ 
(mm) 
K 
(year
-1) 
t0 
(years) 
C 
 
ts 
(years) 
r
2 
 
MULTIFAN 
(0≤C≤1) 
335 
(4) 
0.41 
(0.01)  NA  0.96 
(0.004) 
0.09 
(0.002)  NA 
MIX 
(0≤C≤1) 
332 
(27) 
0.42 
(0.06) 
-0.16 
(0.04) 
1.00 
(0.13) 
0.08 
(0.02)  0.99 
Female 
MIX 
(C≥0) 
341 
(26) 
0.41 
(0.06) 
-0.07 
(0.03) 
1.30 
(0.11) 
0.07 
(0.02)  0.99 
MULTIFAN 
(0≤C≤1) 
253 
(2) 
0.60 
(0.02)  NA 
0.96 
(0.004) 
0.08 
(0.004)  NA 
MIX 
(0≤C≤1) 
248 
(12) 
0.69 
(0.09) 
-0.02 
(0.05) 
1.00 
(0.17) 
0.05 
(0.03)  0.99 
Male 
MIX 
(C≥0) 
248 
(11) 
0.70 
(0.08) 
0.03 
(0.04) 
1.38 
(0.15) 
0.03 
(0.02)  0.99 
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Figure 3.8. The growth curves for female and male Amniataba caudavittata, calculated 
using the mean lengths determined by MIX. The mean lengths are also presented. 
January and July represent the middle month of summer and winter respectively. Chapter 3      108
In the case of 0+ females, the mean lengths increased progressively from 25 mm in 
January to 85 mm in June, but then decreased to 67 mm by late winter before 
increasing to 84 mm in September and then increasing progressively to 118 mm in 
December (Figure 3.8). The seasonal trends in growth exhibited by 0+ male fish were 
similar. The trends shown by the mean values for the fish lengths show that the older 
females grow faster than their male counterparts (Figure 3.8). For example, the mean 
lengths of the cohort of larger females exceeded 219 mm in every month after 
February and reached a maximum of 234 mm, whereas the corresponding cohort of 
males never reached 214 mm in any month (Figure 3.8). The von Bertalanffy growth 
curve parameters generated for both sexes are shown in Table 3.1. The values for K 
are smaller for females than males, which reflects the higher asymptotic length L∞ of 
females. There was, however, very little difference between the values for either C or 
ts for the two sexes, which emphasises that the patterns of seasonal growth shown for 
females and males in Figure 3.8 are very similar. 
 
 
The growth curves produced using the mean lengths derived by MIX for the 1980 year 
class of A. rueppellii in each of the monthly samples show a pronounced seasonal 
pattern (Figure 3.9). Thus, this age class grew rapidly during the first summer and 
early autumn and then slowly during winter, before increasing slightly in the following 
summer. This seasonal pattern was even more pronounced with the 1978, 1979 and 
1981 year classes, reflected by values greater than 1 for C in the growth equations for 
these two years (Table 3.2). The growth of males and females started diverging after 
they had reached 48 mm (Figure 3.10), which is reflected by differences in the values 
for K for the two sexes (Table 3.2). Pronounced seasonal growth, reflected by a value 
for C that was well above 1, was observed with males (Table 3.2). Chapter 3      109
The value for K in the growth equations ranged from 0.53 years
-1 to 0.66 years
-1 for 
the 1977 and 1979 to 1981 year classes, which was higher than the 0.33 years
-1 
recorded for the 1978 year class. The L∞ for the 1977 and 1979 to 1981 year classes 
ranged from 96 mm to 122 mm and was lower than the 140 mm recorded for the 1978 
year class. The correlation coefficients of 0.96 to 0.97 for the growth curves of three of 
the year classes (1979, 1980, 1981) demonstrate that these curves fitted the data very 
well and may provide a better description of growth than the 1978 year class. 
 
When the length-frequency data for the 1978, 1979 and 1981 year classes were 
subjected to MULTIFAN and ELEFAN, the values for L∞ in the growth equations 
were always greater than 173 mm. These values are far higher than the maximum 
length recorded (105 mm), a feature attributable to the fact that the above two 
computer programs cannot effectively analyse length data where the value for C 
exceeds 1. The values for the parameters in the growth curve equations produced using 
MIX and MULTIFAN for the 1980 year class, where C is less than 1, were virtually 
identical (Table 3.2). The corresponding values using ELEFAN did not show quite the 
same close correspondence (Table 3.2). The length-frequency data for 1977 were not 
used in the subsequent analyses due to the missing sample in January. Chapter 3      110
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Figure 3.9. The growth curves for the five year classes of Apogon rueppellii, calculated 
using the mean lengths determined by MIX. The mean lengths are also presented. 
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Figure 3.10. The growth curves for female and male Apogon rueppellii, calculated 
using the mean lengths determined by MIX. The mean lengths are also presented. 
January and July represent the middle month of summer and winter respectively. Chapter 3      111
Table 3.2. Parameters (±1 standard error) for the growth curves of Apogon ruepellii 
constructed using ELEFAN, MULTIFAN and the mean lengths produced by MIX. 
The coefficient of determination, r
2, is presented for each fitted equation. NA, not 
applicable. 
  L∞ 
(mm) 
K 
(year
-1) 
t0 
(years) 
C 
 
ts 
(years) 
r
2 
 
ELEFAN  1980 year class  107  0.71  NA  0.96  0.10  NA 
MULTIFAN  1980 year class  103 
(0.6) 
0.67 
(0.02)  NA  0.65 
(0.01) 
0.12 
(0.002)  NA 
1977 year class  122 
(23) 
0.58 
(0.24) 
-0.48 
(0.17) 
0.70 
(0.23) 
0.14 
(0.05)  0.93 
1978 year class  140 
(34) 
0.33 
(0.14) 
-0.78 
(0.16) 
1.00 
(0.19) 
0.25 
(0.03)  0.91 
1979 year class  121 
(17) 
0.53 
(0.16) 
-0.37 
(0.10) 
1.20 
(0.10) 
0.07 
(0.01)  0.97 
1980 year class  102 
(9) 
0.66 
(0.15) 
-0.50 
(0.10) 
0.63 
(0.15) 
0.13 
(0.04)  0.96 
1981 year class  96 
(11) 
0.66 
(0.19) 
-0.61 
(0.14) 
1.74 
(0.25) 
0.10 
(0.02)  0.96 
Female 114 
(9) 
0.56 
(0.10) 
-0.46 
(0.07) 
1.02 
(0.10) 
0.16 
(0.02)  0.99 
MIX 
Male 117 
(11) 
0.46 
(0.09) 
-0.58 
(0.08) 
1.22 
(0.11) 
0.16 
(0.02)  0.99 
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3.4 Discussion 
 
Movement patterns 
The trends exhibited by seine net and otter trawl catches demonstrated that most 
A. caudavittata moved out into deeper water during winter. This parallels the situation 
found with other species of teleost in the Swan River Estuary, such as A. rueppellii, 
Mugil cephalus and Torquigener pleurogramma (Chubb et al. 1981, Chrystal et al. 
1985, Potter et al. 1988). Since marked haloclines form in the Swan River Estuary 
during periods of heavy freshwater discharge (Spencer, 1956, Loneragan and Potter, 
1990), these movements would enable fish to remain in higher salinities. This ability 
would be of value to these species since they are either marine species which spend 
part of their life cycle in estuaries or are marine species in which certain populations 
spend the whole of their life cycle in estuarine environments. During the warmer 
months of the year, when the water is more saline, A. caudavittata and A. rueppellii 
move into the shallows (Wise et al. 1994). 
 
Analysis of the age composition of A. caudavittata caught by seine net during the 
summer and autumn show that virtually all of the large numbers taken in the middle 
estuary were members of the 0+ age class, whereas those captured in the upper estuary 
contained many older fish. Moreover, the gonads of many of the larger fish in 
December to February were well developed or spent (Potter et al. 1994). Thus, in 
addition to seasonal movements to and from inshore shallow waters, A. caudavittata 
moves upstream into the upper estuary to spawn, with considerable numbers of the 
resultant young then moving downstream into the middle estuary. 
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Size and age composition 
It was shown that, in the Swan River Estuary, an annulus becomes visible on the 
otoliths of A. caudavittata in spring, i.e. when the fish are about 9-10 months old 
(Wise et al. 1994). Although a second and parallel annulus becomes apparent on the 
otoliths of some larger fish in spring, the marked change in the pattern of growth of 
the otoliths that starts to occur at about that time means that otoliths could at best be 
used to age fish only until they were about 18-22 months. Although otoliths could not 
be used to age older fish, the data obtained from the otoliths validated that the cohort, 
which, on the basis of very well defined modes in the length-frequency data, was 
designated as corresponding to the 1978 year class, did belong to that age class until 
its second spring of life. The mode corresponding to the 1978 year class was still well 
defined in the following spring and summer and could thus be traced through 
sequential length-frequency data for over two years. However, since by this time the 
distributions of this age class and those of the corresponding cohorts in other years 
have merged with those of the larger fish, and as those larger fish cannot be aged, it is 
not possible to determine the age to which A. caudavittata grows in the Swan River 
Estuary. Yet, since cohorts of the 2+ and larger fish are both present in February and 
March 1980, i.e. just after spawning had been completed in 1980, it can be assumed 
that many A. caudavittata can live until at least the beginning of their fourth year of 
life. 
 
Although analysis of the very well defined modes in the length-frequency does not 
necessarily confirm that the age classes designated for A. rueppellii in the Swan River 
Estuary are valid, the view that fish designated as 2+ were in their second year of life 
was corroborated by the examination of scale annuli of 30 large fish (>75 mm) in May 
1978 (Chrystal et al. 1985). Chapter 3      114
Confidence in our ability to distinguish the different size cohorts of A. caudavittata 
and A. rueppellii until ages three and two, respectively, was provided by the fact that 
MIX and MULTIFAN produced virtually identical mean lengths for the majority of 
these cohorts and those values were almost invariably very similar to those of the 
modes that would be produced by visual inspection of the length-frequency 
histograms. However, the means of the distributions corresponding to the 
A. caudavittata 1978 year class in January to March of 1980 estimated by MIX did not 
increase as one would expect during these warmer months of the year. It would thus 
seem likely that the mode in the length-frequency histograms is skewed to the left in 
these months and thus does not reveal the full pattern of growth at that time due either 
to non-representative sampling or to a slower growth of this cohort. 
 
Growth curves 
The construction of realistic growth curves for A. caudavittata and A. ruepellii was 
facilitated by the discreteness of the distributions and modes of the lengths of the 
different size classes. This reflects the short period during which recruitment occurs 
each year as a result of the relatively short breeding period of this species in the Swan 
River Estuary, i.e. late November to early February (Potter et al. 1994, Chrystal et al. 
1985). Moreover, the clarity of the trends shown by the modes corresponding to the 
very strong 1978 year class of A. caudavittata for over two years, and the fact that the 
majority of growth had been completed by this time, helps account for the tightness of 
the fit of the seasonal growth curves that were constructed for both sexes. An ability to 
define a realistic birth date, both from reproductive data and from the trends shown by 
the modes corresponding to the smallest size class, combined with the presence of well 
defined modes which could be traced through sequentially over time, make the length-Chapter 3      115
frequency data for A. rueppellii ideal for analysis using either MIX, ELEFAN or 
MULTIFAN. 
 
The highly seasonal pattern of growth exhibited by A. caudavittata and A. ruepellii, 
with most growth occurring during the warmer months, is characteristic of fish species 
in the Swan River Estuary (e.g. Chubb et al. 1981, Potter et al. 1988), in which the 
mean monthly water temperatures range from about 11.5 to 29
oC (Loneragan and 
Potter 1990). Although the presence of values of considerably greater than 1 for C in 
the seasonal von Bertalanffy growth equations implies that “negative growth” or 
shrinkage has occurred (Pauly and Gaschütz 1979, Pawlak and Hanumara 1991), the 
basis for this phenomenon reflects size-related differences in the offshore movements 
that were shown to occur in winter. For example, it is clear from the length-frequency 
data of A. caudavittata that the smaller representatives of the 0+ age class showed a 
greater tendency than their larger counterparts to remain inshore in the winter and thus 
be susceptible to capture by seine net, the method which invariably captured the most 
fish in each month. For this reason, the mean length of that 0+ age class in seine net 
samples declines during the winter. The above examples demonstrate that the size 
composition of catches can be influenced by such factors as the mesh size of the net 
and the seasonal movements of fish. 
 
The apparent “negative growth” of the 1978, 1979 and 1981 year classes of 
A. ruepellii during winter reflected a relative reduction in the proportion of the catches 
of larger fish in that season. In the case of the 1978 and 1979 year class, this was due 
to the fact that the seine net catches in shallow water in winter were greater than those 
obtained by otter trawls in deeper water where the larger fish tend to be found at that 
time. With the 1981 year class, the “negative growth” was related to a shift from the Chapter 3      116
use of 25 mm to 9 mm mesh in the cod end of the otter trawl in July and the resultant 
retention of a higher proportion of smaller fish. The absence of “negative growth” with 
the 1977 and 1980 year class can be attributed to the better balance between the 
catches of fish obtained by seine nets and otter trawls, with the smaller 0+ fish being 
taken in shallow waters and the larger 0+ fish being collected in deeper waters. 
MULTIFAN and ELEFAN constrain C to lie between 0 and 1 (Fournier and Sibert, 
1990, Gayanilo et al., 1989) and the presence of apparent “negative growth” for 
1978,1979 and 1981 year classes of A. ruepellii in the winter resulted in the production 
of unrealistic values for L∞ in those year classes.  
 
The data also demonstrate that, as A. caudavittata and A. ruepellii approach maturity 
for the first time, the growth of males and females start to diverge. While this did not 
produce a very marked difference in K in the growth equation for A. ruepellii, it is 
important to recognise that, in those cases where there is conspicuous differential 
growth between the sexes, a separate plotting of the length-frequency data for the 
sexes will lead to greater definition of the age classes in length-frequency data. The 
greater tendency for females than males to increase in length during the later period of 
life parallels that found with other species in south-western Australian estuaries, such 
as Platycephalus speculator (Hyndes et al., 1992). 
 
Guidelines for acquiring data suitable for using computer programs 
Gulland (1988) urged caution against the indiscriminate and possible misuse of 
ELEFAN and suggests that there was a need to take more account of the risk of misuse 
when disseminating computer programs and other instructional material. Pauly (1994) 
agreed with this conclusion.  
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The ability to use a computer program successfully is dependent on establishing the 
type of sampling regime that will yield appropriate length data. The sampling regime 
should thus be designed so that a full size range of fish are caught. This may require 
more than one method in the case of fish that grow to a relatively large size. It is also 
necessary to ensure that a fully representative sample is obtained by sampling widely 
in a given area to avoid any bias that might be incurred through schooling and 
seasonal or other movements, such as from inshore to offshore. It is also important to 
use a mesh size sufficiently small to catch the smaller representatives of the species. 
Furthermore in the case of small fish, it is important to measure the length accurately, 
usually to the nearest 1 mm. For small, fast-growing fish, it would be advantageous to 
sample at least fortnightly, whereas monthly sampling would be adequate for fish 
species that grow to a large size.  
 
Whenever possible, sound data on the reproductive biology of the species is required 
to determine the time of peak spawning and thus be able to assign a birth date. This 
requires the collection of fish at regular intervals and the assigning of their gonads to a 
maturity stage. The trends shown by the gonadal maturity stages can be then used to 
calculate the spawning period and specifically the time of peak spawning which can, 
in turn, then be employed for helping to age each fish relatively accurately for use in 
determining growth curves. 
 
Prior to analysing length-frequency data, it is important to examine the data visually to 
determine whether there are a series of well-defined modes that can be traced through 
length-frequency data for sequential samples. Consequently, the way in which the data 
are plotted is crucial. 
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The choice of computer program depends on the characteristics of the data set. For 
example, MULTIFAN and ELEFAN analyse the lengths in preceding and following 
samples to elucidate the distribution of the size cohorts and then use the mean lengths 
of those cohorts to produce a von Bertalanffy growth curve. The use of MULTIFAN 
and ELEFAN thus depends on growth conforming to the von Bertalanffy growth 
equation, i.e. growth becomes increasingly asymptotic with age. In contrast, MIX 
determines the distribution of the size cohorts in each sample separately. The means of 
the distributions of those cohorts in successive samples can then be used to construct a 
growth curve. These curves do not necessarily have to conform to the von Bertalanffy 
growth equation, or require that recruitment has occurred at regular intervals. 
 
In summary, the successful use of each of the above computer programs requires the 
following: 
i.  The presence of conspicuous and consistent modes which can be traced 
through sequential length-frequency data. 
ii.  Length measurements of a sufficiently large number of fish and which cover 
the complete range of fish lengths. 
iii.  Sampling at regular intervals, the precise interval depending on the life span of 
the species, and every attempt should be made to collect representatives from 
throughout the range of distribution of the population. 
iv.  Measurements made in units appropriate for the length range of the species and 
the data plotted in appropriate size intervals. 
v.  Ideally, a birth date should be assigned to the population based on sound 
reproductive data. 
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Chapter 4 
Biannual spawning in Pseudogobius olorum (Sauvage, 1880) and 
Favonigobius lateralis (Macleay, 1881) in the Swan River Estuary. 
Inferences and implications. 
 
4.1 Introduction 
In the preceding chapter, the age and growth of Amniataba caudavittata and Apogon 
rueppellii were estimated using length-frequency analyses. Furthermore, the previous 
two chapters showed that understanding the ecology of a species is crucial for 
elucidating the ways in which sampling biases and natural variation may influence 
estimates of the growth of that species. Since annually–formed growth zones could not 
be consistently detected in otoliths and other hard parts of Pseudogobius olorum and 
Favonigobius lateralis, alternative methods, such as length-frequency analysis, are 
required to determine the age and growth of these two gobiids. 
 
The Gobioidei is one of the most diverse groups of teleost fish, comprising 
approximately 2000 species and 270 genera (Hoese 1994). This suborder occurs in a 
wide range of marine, estuarine and freshwater habitats in most parts of the world 
(Birdsong et al. 1988, Hoese 1994). It is very well represented in many estuaries, 
where one or more of its species are often amongst the most abundant teleosts 
(Grossman et al. 1980, Day 1981, Claridge et al. 1985, Potter and Hyndes 1999). 
Many species of goby live in burrows, holes in reefs or amongst vegetation and are 
thus afforded some protection from large predators. Other species of goby, which are 
found over open sand and mud flats, use camouflage or other means to aid their 
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forming a major component of the diets of recreational and commercial fishes and 
piscivorous birds (Miller 1975, Darcy 1980, Grossman et al. 1980, Geevarghese and 
John 1983). 
 
The duration of the spawning period and the number of times that spawning occurs 
within that period vary considerably amongst the various species of the Gobioidae 
(Miller 1984). There is also some limited evidence that unfavourable conditions, such 
as high water temperatures, may inhibit gonadal development and that this could 
account for an absence or reduction in successful spawning within the normal 
spawning period (Barlow and de Vlamingh 1972, de Vlamingh 1972). Although the 
life cycle of gobies is of variable duration, it often only lasts for one or two years in 
those species that are epibenthic in shallow waters (Miller 1984). 
 
Since gobies generally have a more restricted spawning period in temperate than 
tropical waters (Miller 1984), their youngest individuals, i.e. those that constitute the 
new 0+ age classes, tend to be recruited into nursery habitats over a shorter period in 
temperate waters. Consequently, it is frequently possible to trace the modes of the 
length distributions of the 0+ age class of temperate species of gobies through time. 
Age compositions of goby populations have thus occasionally been estimated by 
analysing the trends exhibited by modes in sequential length-frequency distributions 
(e.g. Fonds 1973). Although the ages of individuals of some goby species have been 
estimated from the numbers of annuli on either their scales (Healey 1971, Miller 1975, 
Hesthagen 1975, 1977, Fouda and Miller 1981, Claridge et al. 1985, Moreira et al. 
1991) or otoliths (Gibson 1970, Gibson and Ezzi 1978, 1981), no attempt was made 
during those studies to validate that the annuli in the hard structures those species are 
formed each year. Chapter 4      121
 
The mean lengths of the different age classes of Pomatoschistus minutus, 
Pomatoschistus norvegicus, Pomatoschistus microps, Lesueurigobius friesii and 
Gobius cobitis in sequential samples, derived from assuming that the annuli in the hard 
structures of this species are found annually, were used to produce growth curves for 
these species (Gibson 1970, Hesthagen 1975, 1977, Gibson and Ezzi 1978, 1981, 
Fouda and Miller 1981). However, no attempt has apparently been made to use the 
length data for several successive months to describe the growth of gobies 
quantitatively, using either a von Bertalanffy or any other form of growth equation. 
 
Pseudogobius olorum and Favonigobius lateralis are the two most abundant goby 
species in the Swan River Estuary (Gill and Potter 1993). However, P. olorum is 
largely confined to areas of the saline reaches of the two tributary rivers in the upper 
regions of the Swan River Estuary, where the substrate consists of silt. In contrast, 
F. lateralis is largely confined to sandy areas in the lower regions of the Swan River 
Estuary (Gill and Potter 1993). Pseudogobius olorum is a small goby (maximum total 
length ca 60 mm), which completes its life cycle in the estuary, whereas F. lateralis 
grows to a slightly larger size (maximum total length ca 85 mm) and, in Australia, is 
represented by discrete populations which complete their life cycles either in estuaries 
or nearshore coastal marine waters (Potter and Hyndes 1999). 
 
It has not been possible to use the number of annuli on the scales, sagittal otoliths and 
opercular bones to estimate the ages of P. olorum and F. lateralis (Gill et al. 1996, 
Gill pers. comm.). Extensive attempts have been made to reconcile the number of 
annuli on hard structures with the time that these fish were assumed to have spawned. 
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peduncle and stained with alizarin red (after Miller 1975) and examined under a 
compound microscope. Opercular bones and one of the otoliths from each fish have 
been examined in either DPX or cedar oil, while the other otolith has been examined 
after being cracked and burnt (Gill et al. 1996, Gill pers. comm.). When annuli were 
present on each of the three hard structures examined, they were far more distinct on 
scales than otoliths and were very poorly defined in opercular bones. However, the 
number and the position of annuli on scales from similar-sized fish in the same sample 
often varied markedly. Furthermore, the scales of some fish, which, from length-
frequency data, belonged to a cohort that had presumably survived over winter, did not 
possess a growth zone in the following late spring, at a time when the annulus is 
traditionally laid down in the hard structures of fish in the south-western Australian 
estuaries (Gill et al. 1996, Gill pers. comm.). 
 
The fact that the larvae of P. olorum and F. lateralis are both caught in the Swan River 
Estuary between spring and late autumn indicate that these two species spawn over a 
very protracted period (Neira et al. 1992). Such a view is consistent with the trends 
exhibited by the gonadosomatic indices (Gill et al. 1996; Gill pers. comm.). However, 
the prevalence of mature gonads of both species produced two peaks, i.e. in spring and 
autumn with P. olorum, and in early summer and late autumn with F. lateralis (Gill et 
al. 1996, Gill pers. comm.). Furthermore, no mature ovaries were found in either 
species during the intervening periods. These trends, together with the results of a 
preliminary investigation of the modes in length-frequency data, strongly indicate that 
both species spawn twice in a year.  
 
The apparent possession by P. olorum and F. lateralis of two distinct spawning 
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water temperatures in the Swan River Estuary. This view is based on the proposal that, 
as spawning is likely to be temperature dependent and to occur in the warmer months 
of the year, as is the case with most other fish species in Western Australian estuaries 
(see Potter and Hyndes 1999), an extended period of warmer temperatures would have 
been likely to lead to spawning occurring earlier, e.g. in spring or early summer. As a 
consequence, the period when the progeny of that earlier spawning would have been 
exposed to elevated temperatures favourable for growth would have increased. It is 
thus proposed that, by autumn, this would have enabled some of these progeny to 
reach a size at which they typically reproduce and the temperatures were again at a 
level conducive for spawning.  
 
The use of individual-based models can be used to explore whether the above 
hypothetical scheme, which is largely based on the proposed consequences of a 
prolonged period of warmer water temperatures on spawning time, could be valid. If 
the scheme for either species proved not to be fully supported by the results of such 
modelling, it would be appropriate to examine whether the inclusion of other variables 
in the model, such as salinity, provide a better description of the observed data. The 
possibility that salinity could influence spawning time would be consistent with the 
fact that F. lateralis is a marine species and is thus adapted to spawning in high 
salinities. This is likely to be the case for P. olorum, which lives in a region of the 
estuary where salinities are highly variable. 
 
Individual-based models use the various characteristics of the individuals, such as 
variability in their reproductive biology and growth, and the effects of environmental 
variables on those individuals, to simulate the reproduction and growth of the 
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individual are tracked through time (DeAngelis and Gross 1992, Rose et al. 1996). 
This contrasts with those modelling techniques in which the characteristics of the 
population are averaged and the model attempts to simulate changes in these average 
characteristics for the whole population. 
 
Application of individual-based modelling provides an appropriate method for 
elucidating the consequences of the reproductive biology, growth and behaviour of 
individuals to the population as a whole (DeAngelis and Gross 1992, Rose et al. 
1996). In this context, individual-based modelling is used to determine the 
consequences of the variability of biological characteristics and how they influence the 
population dynamics of that species. This is especially important for fish as the 
individuals of a fish species vary greatly in their growth rate and in the time taken to 
reach maturity (e.g. DeAngelis and Gross 1992, Rose et al. 1996). 
 
The first objective of this chapter was to use length-frequency analysis to determine 
when each of the two cohorts of new recruits of P. olorum and F. lateralis appears in 
the Swan River Estuary and to trace their growth through subsequent months. 
Emphasis was then placed on comparing the patterns of growth of the two cohorts of 
both species and relating any differences in the growth curves to the trends exhibited 
by such features as temperature. The second objective was to explore whether the 
hypotheses proposed earlier regarding the influence of water temperature could 
adequately explain the development by the two species of two spawning periods 
during the year and, if not, use other variables in the models, such as salinity, in an 
attempt to obtain a more appropriate explanation of the data. 
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4.2  Materials and methods 
 
Sampling sites, methods and regime 
The Swan River Estuary in south-western Australia comprises a long narrow entrance 
channel that leads into two large basins which, in turn, are supplied by two main 
tributaries (Figure 4.1). The entrance channel, basins and saline reaches of the two 
tributaries have been termed the lower, middle and upper estuaries, respectively 
(Chalmer et al. 1976). Fish in shallow waters were sampled during the day using a 
seine net at 15 sites located throughout the lower, middle and upper Swan River 
Estuary (Figure 4.1). Each site was sampled monthly, and occasionally fortnightly, 
between September 1983 and April 1985. The seine net consisted of two 4 m long 
wings and a 1.5 m pocket, each comprising 3 mm knotless mesh. The net fished to a 
depth of 1.5 m and swept an area of approximately 100 m
2. The individuals of 
P. olorum and F. lateralis in each sample were counted and preserved in 70% ethanol.  
 
Water temperature and salinity were measured at each site on each sampling occasion 
using a thermometer and a YEO-KAL 602 MkII Salinity-Temperature Bridge, 
respectively. The trends exhibited by temperature and salinity during the year were 
described using a loess function, which uses locally weighted regression smoothing to 
fit a complete regression surface to the data (Cleveland 1979, Cleveland and Devlin 
1988). Symmetric quadratic loess smoothers, with a pre-specified fixed span of 0.5, 
were fitted to the temperatures to ensure robustness and to guard against distorting 
outliers (Insightful 2000). Similar symmetric quadratic loess smoothers, but with a 
pre-specified fixed span of 0.45 in the upper estuary and 0.55 in the lower estuary, 
were fitted to the salinity data. The use of fixed spans that differed from 0.5 slightly 
increased and decreased the sensitivity of the loess smoother to the salinities in the Chapter 4      126
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Figure 4.1. Map of the Swan River Estuary showing location of sites where sampling 
was carried out by seine net between September 1983 and April 1985. Lower and 
upper parts of the estuary are stippled.  
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upper and lower estuary, respectively, and thus provided more appropriate fits to the 
salinities (Insightful 2000). Note that the predicted values for the endpoints of the 
smoothed time series for temperature and salinity need to be treated with caution as 
they do not take into account the values that would have been present immediately 
prior to and after the study period. Pearson coefficients of the correlation between 
temperature and salinity were calculated (Insightful 2000). 
 
Lengths, weights and gonadal development 
The total length (TL) of each P. olorum and F. lateralis caught on each sampling 
occasion was measured to the nearest 1.0 mm. The total length of each fish in each 
sample was allocated to its appropriate 2.0 mm length class. After the first two 
months, i.e. September and October 1983, the sex of each P. olorum and F. lateralis 
was determined, whenever possible, on the basis of the shape of the genital papilla, 
which is short and bulbous in females and long, thin and pointed in males (Healey 
1971, Cole et al. 1994). Those fish in which the genital papillae were undeveloped 
were recorded as juveniles. Confirmation that this method was reliable was obtained 
by histological examination of the gonads of a large subsample of fish (Gill et al. 
1996, Gill pers. comm.).  
 
The ovaries of each female caught between October 1983 and April 1985 were 
removed and, on the basis of their morphology, were assigned to one of the following 
stages, following the designations of Laevastu (1965): I = virgin, II = maturing virgin 
or recovering spent, III = developing, IV = developed, V = gravid, VI = spawning and 
VII = spent. An additional stage (VIII) was introduced for ovaries that were 
undergoing massive degeneration following spawning (Gill et al. 1996). Confirmation 
that the appropriate maturity stage had been assigned to the ovaries was obtained by Chapter 4      128
examining histological sections of ovaries removed from a wide size range of fish 
from different times of the year (Gill et al. 1996, Gill pers. comm.).  
 
The sizes at sexual maturity of the females of P. olorum and F. lateralis were 
determined from data on the maturity of fish caught between the onset of their first 
spawning periods and the completion of their second spawning periods, i.e. between 
late spring or early summer and autumn. The proportion of sexually mature females (at 
stages V-VIII), the Pmat, at a given length class, L, was described by the equation 
L
L
mat e
e
P
2 1
2 1
1
φ φ
φ φ
+
+
+
= , 
where the parameters  1 φ  and  2 φ  were estimated using the logistic regression fitting 
procedure of SPLUS (Insightful 2000). The procedure also produces the standard error 
of each parameter and the correlation between the parameters. The estimated length at 
which 50% of the population is sexually mature was determined by 2 1 50 /φ φ − = L .  
 
Length-frequency analysis and growth 
The lengths of juvenile fish that could not be sexed were allocated randomly but 
equally to the lengths recorded for identifiable female and male fish. The number of 
size cohorts in the length-frequency histograms for each sequential month was 
estimated by visual inspection. The results of this visual inspection were then used, in 
conjunction with MIX (Macdonald and Green 1990, Chapter 3), to fit a normal curve 
to the size distribution of each cohort in each length-frequency histogram. Growth 
curves were constructed from the modal lengths of the normal curves for all cohorts 
that contained at least 50 individuals (Macdonald and Pitcher 1979) and for those in 
which, when there were less than 50 individuals, the distributions were clearly 
consistent with those in the previous and subsequent length-frequency distributions. Chapter 4      129
Prior to the construction of growth curves, a birth date was assigned to the progeny of 
each of the two spawning periods of both species on the basis of the trends exhibited 
by gonadal and oocyte development and gonadosomatic indices (Gill et al. 1996, Gill 
pers. comm.), the time of appearance of small larvae (Neira et al. 1992) and the 
distributions of the 0+ recruits in the first months in which they were represented. The 
tracing of the size distribution of each cohort through sequential length-frequency 
histograms enabled the origin of each cohort, i.e. time when it was spawned, to be 
determined and thereby enabled each cohort to be assigned an age. 
 
Growth was described using the von Bertalanffy growth equation or by a modification 
of that equation to simulate seasonal trends, when the mean lengths of the 
corresponding cohorts in sequential samples ceased to increase during the cooler 
months of the year. Growth curves were fitted to the mean lengths for each sex of each 
species, that had been derived by MIX for individual size cohorts in sequential 
samples, using the non-linear curve fitting procedure of SPLUS (Insightful 2000). The 
procedure also produces the standard error of each parameter and the correlation 
between the parameters. The von Bertalanffy growth equation is 
) 1 (
) ( 0 t t K
t e L L
− −
∞ − = . 
The seasonal form of the von Bertalanffy growth equation (Somers 1988, Hoenig and 
Hanumara 1990) is 
) 1 (
)) ( 2 sin(
2
)) ( 2 sin(
2
) ( 0 0 s s t t
KC
t t
KC
t t K
t e L L
− + − − − −
∞ − =
π
π
π
π , 
where Lt is the mean length at age t (in years), L∞ is the mean asymptotic length, K is 
the growth coefficient, t0 is the hypothetical age at which a fish would have zero 
length if growth followed that predicted by the equation, C is a factor which expresses 
the amplitude of the growth oscillations and ts sets the beginning of the sinusoidal Chapter 4      130
growth oscillation with respect to t0. A likelihood ratio test (Kimura 1980, Cerrato 
1990) was employed to determine whether the growth curves for males and females in 
each year and for the same sex in both years were significantly different. 
 
Individual-based model 
An individual-based model was developed to simulate the reproduction and growth of 
individuals of P. olorum and F. lateralis when exposed to periods of environmental 
conditions that might be expected to be conducive to spawning and/or favourable for 
growth. The model simulated variability in age at maturity and growth of individual 
P. olorum and F. lateralis and the effect on these variables of the different 
environmental factors in the upper and lower estuary, respectively. The model 
assumes that the population is in equilibrium, and that each mature female adult will 
produce a single female offspring, which will also reach maturity and spawn, i.e. each 
female will replace itself. 
 
A number of alternative scenarios were simulated to determine the consequences of 
differing “spawning” and “growth” periods (Figure 4.2). The year was divided into 
periods that were favourable for growth and alternative spawning periods were derived 
from the values for water temperature and salinity. This enabled the environmental 
factors that led to the production of two spawning peaks to be elucidated.  
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Figure 4.2. The two patterns representing the periods conducive to spawning and/or 
favourable for growth that were simulated using the individual-based model. A knife-
edge period for growth with a) a spawning period simulating a potential effect of 
temperature and/or salinity or b) a spawning period incorporating a period of high 
temperatures to simulate unfavourable conditions that may account for an absence or 
reduction of successful spawning within the normal spawning period. See text for 
more details. The parameter Pgrowth is the probability that a fish will grow and the 
parameters Ptemp and Psal are the probabilities that a mature fish will spawn within the 
spawning period and is dependent on the temperature or salinity, respectively. Chapter 4      132
To represent the duration of the warmer part of the year, a knife-edge growth period 
was used to depict the growing periods. The growing period (Pgrowth) was calculated as 
⎩
⎨
⎧
=
period growth    the    within             1
period growth     the outside              0
growth P . 
The length of the growing period was determined from the estimated seasonal form of 
the von Bertalanffy growth curve of P. olorum and F. lateralis, where growth is 
assumed not to occur during the period represented by the stationary or declining 
portion of the seasonal growth curve.  
 
The spawning period was represented in the individual-based model by the parameters 
Ptemp and Psal, which represent the probability that a mature fish will spawn within the 
spawning period and depends on the temperature or salinity pattern, respectively. A 
probability of P=1 indicates that an individual can spawn, while a probability of P=0 
indicates that the individual has not yet reached spawning condition. The different 
scenarios regarding the spawning periods were as follows: 
 
1.  Gill et al. (1996) suggests that spawning in P. olorum typically occurs between 20 
and 25oC. A spawning period simulating the potential effect of temperature on 
spawning was determined assuming that spawning occurs when water 
temperatures exceed 20oC. A similar spawning period was also used for 
F. lateralis. The temperature loess smoothers (temp) determined for the upper and 
lower estuary were modified such that spawning values (Ptemp) were calculated as 
⎪
⎪
⎩
⎪
⎪
⎨
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C temp C
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2.  A second scenario assumes that the spawning period incorporates a period of high 
temperatures (>25oC) to simulate unfavourable conditions, which are envisaged as 
directly having an inhibitory effect on gonadal development or larval survival, or 
that temperature may be a proxy for another unknown factor which could thus 
account for the absence or reduction of successful spawning between the two 
periods currently favourable for spawning. The temperature loess smoothers 
(temp) determined for the upper and lower estuary were modified such that the 
spawning values (Ptemp) were calculated as 
⎪
⎪
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⎪
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3.  Gill and Potter (1993) suggest that F. lateralis is essentially a marine species 
preferring high salinities while P. olorum is adapted to a wide range of salinities.  
They showed that the densities of F. lateralis between September and March are 
positively correlated with salinity in the lower estuary. The salinity loess smoother 
(sal) derived for the lower estuary was modified such that spawning occurs when 
salinities are above 30
0/00, i.e were similar to those in local coastal marine waters. 
Spawning values (Psal) for the lower estuary were calculated as 
⎪
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4.  A final scenario simulates the potential effect of the combination of temperature 
and salinity on spawning of F. lateralis in the lower estuary and was determined 
by  sal temp P P * . Chapter 4      134
The individual-based model was simplified by only considering the female component 
of the population under the assumption that males are present in adequate numbers to 
ensure reproduction. The model begins with an initial population of 10 000 age 0 
individuals on day 0 in year 0, and then proceeds to track each individual and its 
progeny (if any) throughout the subsequent 100 years. The process simulates the 
growth, maturation, spawning and survival of the individual fish. From these 
simulated life histories, the number of age 0 young produced at spawning is 
determined. A schematic representation of the model is presented in Figure 4.3. 
 
The life history of each individual is determined for each day that the individual 
survives using the following steps: 
1.  The first step calculates growth, which was assumed to occur only during the 
simulated growing period and was described by the von Bertalanffy growth 
equation 
1 ) 1 ( −
− −
∞ + − = d
K K
d L e e L L , 
where Ld is the length of an individual calculated from the previous day Ld-1. 
Values of the parameters L∞ and K were chosen at random from a bivariate normal 
distribution and assigned to each individual in the population and were used 
throughout the life of the individual. Negative values were replaced by new 
estimates so that the values used for the parameters were greater than zero. 
2.  The next step was to determine when the individual reached sexually maturity and 
was thus capable of spawning. The length at sexual maturity was randomly 
sampled using the inverse of the logistic equation 
2
1 )) 1 /( (
φ
φ − −
=
mat mat
mat
P P Ln
L
, 
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Figure 4.3. Schematic representation of the individual-based model. Chapter 4      136
where the values of the parameters  1 φ  and  2 φ  were chosen at random from their 
bivariate normal distribution (see below) and assigned to each individual in the 
population. 
 
Negative values drawn from this distribution were replaced by new estimates so that 
the parameter values used were greater than zero. A random value for the length at 
sexual maturity Lmat, which was consistent with these parameters, was calculated for 
the individual by assigning a uniformly-distributed random number between 0 and 1 to 
Pmat in the above formula. This process was repeated if the resulting value for the 
length at maturity of the fish fell below the minimum observed size at sexual maturity 
or above the minimum observed size at which all individuals were found to be 
sexually mature. 
 
Spawning occurred during the simulated spawning period if the fish had reached 
sexual maturity. An individual fish was assumed to have spawned during the daily 
time step of the simulation model if a random number, drawn from a uniform 
distribution lying between 0 and 1, was found to be less than Ptemp, Psal or Ptemp*Psal 
depending on the scenario under consideration.  Each individual that satisfied the 
above criteria for spawning produced a single age 0 individual.  
 
The final step determined when the individual died. An individual was removed from 
the simulated population if its size exceeded the maximum length recorded from the 
sampling programme, or if it was older than two years or immediately after it had 
spawned. These conditions were used to simplify the model but are considered 
reasonable assumptions as very few large individuals older than two years were 
recorded in samples. In addition, while density-dependent effects are not modelled Chapter 4      137
implicitly, these assumptions ensure that the simulated population size remains at 
relatively constant levels.  
 
The model code was written in C. The computation of random uniform deviates, 
U(0,1), and the transformation of these to random standard normal variates, Ni(0,1), 
were undertaken using code presented in Press et al. (1997), where i represents the 
random standard normal deviate relating to either L∞, K,  1 φ  or  2 φ . A pair of random 
standard deviates from the bivariate normal distribution for parameters L∞ and K was 
calculated as 
)) 1 , 0 ( 1 ) 1 , 0 ( ), 1 , 0 ( (
2
, K K L L L N N N
∞ ∞ ∞ − + ρ ρ , 
where  K L , ∞ ρ  is the correlation coefficient between the two parameters (Zelen and 
Severo 1972). Similarly, a pair of random standard deviates from the bivariate normal 
distribution for parameters  1 φ  and  2 φ  was calculated as 
)) 1 , 0 ( 1 ) 1 , 0 ( ), 1 , 0 ( (
2 2 1 1 1
2
, φ φ φ φ φ ρ ρ N N N − + , 
where 
2 1,φ φ ρ  is the correlation coefficient between the two parameters. 
 
Calculation of random normal variates from the corresponding standard normal 
variates was achieved through the following transformation, μi+σiNi(0,1), where μi 
and σi were, respectively, the estimate and standard deviation of each parameter. 
Details of how the estimates, standard deviations and correlation coefficients relating 
to L∞, K,  1 φ  and  2 φ  were derived, have been described earlier in the Materials and 
Methods. 
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4.3 Results 
 
Temperature and salinity 
Following the use of the loess smoother, the “average” temperatures in the upper 
estuary could be seen to rise from ca 23oC in October to ca 25oC in November 1983 
and then to a peak of 27.4oC in January 1984, before declining slowly to a minimum 
of 11.4oC in July 1984. They subsequently rose progressively to ca 20oC in October 
and eventually to a maximum of 27.8oC in February 1985 (Figure 4.4). Water 
temperatures in the lower estuary followed a similar trend, rising from ca 22oC in 
October 1983 to a maximum of 26.5 oC in January 1984, before declining to a 
minimum of 14.7oC in July 1984 and then rising progressively to a maximum of 
25.9oC in February 1985 (Figure 4.4). Monthly water temperatures in the upper 
estuary were generally higher in the summer and lower in the winter than those in the 
lower estuary (Figure 4.4).  
 
In every month, salinities in the upper estuary were lower than those present in the 
lower estuary (Figure 4.4). The trends exhibited by salinities in the upper estuary 
differed from those in the lower estuary. Following the use of loess smoothers, 
“average” salinities in the upper estuary could be seen to rise from ca 5
0/00 in October 
1983 to a peak of 21.7
0/00 in March 1984. They then fell to a minimum of 2.3
0/00 in 
August 1984, before rising progressively to ca 26
0/00 in March 1985 (Figure 4.4). In 
the lower estuary, salinities rose to a maximum of 32.5
0/00 in February 1984 and then 
declined slightly to ca 30
0/00 by July 1984 and then to a minimum of 17.6
0/00 in 
September 1994, before rising to ca 30
0/00 in December and subsequently to ca 33
0/00 
in March 1985 (Figure 4.4).  Chapter 4      139
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Figure 4.4. Water temperatures and salinities at sampling sites in the lower and upper 
Swan River Estuary between September 1983 and April 1985. Symmetric quadratic 
loess smoothers have been used to smooth the data. January and July represent the 
middle months of summer and winter, respectively, while April and October represent 
the middle months of spring and autumn, respectively. Chapter 4      140
Water temperatures in both the upper (Pearson correlation coefficient = 0.60) and 
lower (Pearson correlation coefficient = 0.40) estuaries were positively correlated with 
salinity (P<0.001). 
 
Sexual maturity 
The females of P. olorum and F. lateralis were considered mature when they 
possessed gonads at stages V-VIII during their spawning periods in 1983/84 and 
1984/85. The minimum lengths at maturity of female P. olorum and F. lateralis were 
15 mm and 27 mm, respectively (Figure 4.5). All females of P. olorum greater than 
36 mm and of F. lateralis greater than 50 mm were sexually mature. The logistic 
curve fitted to the percentage of females that were mature in each size class yielded a 
L50 of 27 and 35 mm for P. olorum and F. lateralis, respectively (Table 4.1).  
 
Length-frequency distributions 
The modal lengths of the distributions fitted by MIX to each of the size cohorts in each 
of the monthly length-frequency histograms for female P. olorum (and which each 
included a random subsample of the juveniles that could not be sexed) were traced 
through the length-frequency data for consecutive samples. A group of new small 
recruits appeared in November (late spring) in 1983 at a modal length of 18 mm 
(Figure 4.6). The mode of this cohort increased to 29 mm in January 1984 and 35 mm 
in April. This cohort then declined in abundance in the samples collected between 
April and July, before reappearing in reasonable numbers in September and October 
1984 (Figure 4.6). As in 1983, a new 0+ age class were recruited in November (late 
spring) of 1984 and the trends subsequently shown its modal lengths were similar to 
those just described for the previous year. Chapter 4      141
0
25
50
75
100
F
r
e
q
u
e
n
c
y
 
(
%
)
Pseudogobius olorum
Favonigobius lateralis
0 2 04 06 08 0
Total length (mm)
Figure 4.5. Logistic curve fitted to the percentage of mature females in each length 
class of Pseudogobius olorum and Favonigobius lateralis caught in the upper and 
lower Swan River Estuary, respectively. 
 
 
Table 4.1. Parameters (±1 standard error) for the sexual maturity ogives of female 
Pseudogobius olorum and Favonigobius lateralis in the Swan River Estuary. 
n=sample size, ρ=correlation coefficient between  1 φ and  2 φ , r
2=coefficient of 
determination. 
 
  n  1 φ    2 φ   L50 (mm)  ρ  r
2 
 Pseudogobius olorum  43  -12.21 
(4.62) 
0.45 
(0.17)  27.08 -0.99  0.80 
 Favonigobius lateralis  68  -17.17 
(6.66) 
0.49 
(0.19)  35.06 -0.99  0.75 
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A discrete group of new recruits appeared in April 1984 at a modal length of 16 mm 
(Figure 4.6). The mode of this cohort remained at 17-20 mm over the ensuing autumn 
and winter months, before increasing to 22 mm in late September, 38 mm in late 
November and 43 mm in January 1985. The abundance of this cohort declined 
between November 1984 and April 1985. 
 
The trends exhibited by the modal lengths of males of P. olorum, resulting from the 
November (late spring) recruitment, paralleled those of the corresponding cohorts of 
the females of this species. However, unlike the situation with females, the 
distributions corresponding to the cohort of males that first appeared in autumn 1984 
could readily be identified later in the October and early November of that same year 
(Figure 4.7). In late November, the modal lengths of males (31 mm) were less than 
those of females (38 mm). Large males were usually less abundant than large females 
(Figures 4.6, 4.7). 
 
Length-frequency data showed that substantial numbers of the new 0+ recruits of 
F. lateralis appeared in the samples in February 1984 at a mode of 20 mm (Figures 4.8 
and 4.9). In the case of the length-frequency data that included the lengths of all 
females, the modal length of this cohort increased to 27 mm in March 1984 and 
35 mm in April. This cohort then declined progressively in abundance between April 
and June and remained in low numbers until October and November 1984 (Figure 
4.8). A discrete group of new recruits appeared in May 1984 at a mode of 22 mm 
(Figure 4.8). The mode of this cohort remained at 24-25 mm over the ensuing autumn 
and winter months, before increasing to 26 mm in October, 44 mm in late November 
and 50-52 mm between January 1985 and March. Another clear pulse of small recruits 
appeared in December 1984. However, the distribution of the lengths of this cohort in  Chapter 4      143
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Figure 4.6. Length-frequency histograms for samples of female Pseudogobius olorum 
caught in the upper Swan River Estuary between September 1983 and April 1985. The 
curves corresponding to the different size cohorts fitted to each length-frequency 
distribution using MIX. The solid line traces the modal lengths of the year classes that 
first appeared in spring, and the dotted line traces the modal lengths of the year classes 
that first appeared in autumn, as determined by MIX. J = juveniles; F = females; U = 
unsexed. Chapter 4      144
0
15
30
23 September 1983
U = 334
 
 
0
15
30
6 August
J = 33
M = 1
 
0
15
30
14 October
U = 355
 
 
0
15
30
21 August
J = 74
M = 16
 
0
15
30
17 November
J = 60
M = 15
 
0
15
30
5 September
J = 178
M = 20
 
0
15
30
19 December
J = 83
M = 32
 
0
15
30
25 September
J = 106
M = 50
 
0
15
30
19 January 1984
J = 30
M = 19
 
0
15
30
16 October
J = 100
M = 63
 
0
15
30
21 February
J = 102
M = 132
 
0
15
30
8 November
J = 23
M = 36
 
0
15
30
16 March
J = 60
M = 82
 
0
15
30
26 November
J = 98
M = 54
 
0
15
30
3 April
J = 28
M = 13
 
0
15
30
14 December
J = 72
M = 25
 
0
15
30
17 April
J = 198
M = 27
  
0
15
30
29 January 1985
J = 129
M = 58 
 
02 0 4 0 6 0 8 0
Total length (mm)
02 0 4 0 6 0 8 0
Total length (mm)
F
r
e
q
u
e
n
c
y
 
(
%
)
0
15
30
25 May
J = 176
M = 7
 
0
15
30
1 March
J = 21
M = 62
 
0
15
30
15 June
J = 70
M = 2
 
0
15
30
13 March
J = 22
M = 101
 
0
15
30
24 July
J = 70
M = 1
 
0
15
30
1 April
J = 8
M = 48
 
0
15
30
1 May
J = 155
M = 12
 
0
15
30
14 February
J = 80
M = 45
 
 
Figure 4.7. Length-frequency histograms for samples of male Pseudogobius olorum 
caught in the upper Swan River Estuary between September 1983 and April 1985. The 
curves corresponding to the different size cohorts fitted to each length-frequency 
distribution using MIX. The solid line traces the modal lengths of the year classes that 
first appeared in spring, and the dotted line traces the modal lengths of the year classes 
that first appeared in autumn, as determined by MIX. J = juveniles; F = females; U = 
unsexed. 
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this and subsequent months were not clearly defined (Figure 4.8). In contrast to the 
situation with females, the distribution corresponding to the cohort of males that first 
appeared in autumn 1984 could not be readily identified after November 1984 (Figure 
4.9). In late November, the modal length of the males (39 mm) was less than that of 
the females (44 mm). 
 
The appearance of very small 0+ P. olorum in November and in April, i.e. spring and 
autumn (Figures 4.6, 4.7), implies that the spawning of this species peaks just prior to 
each of those months. Similarly, the appearance of very small 0+ F. lateralis in both 
February 1984 and December 1985 and in May 1984, i.e. summer and autumn 
respectively (Figures 4.8, 4.9), implies that the spawning of this species peaks just 
prior to each of those months. Since some of the fish in these cohorts had already 
attained quite large lengths (>20 mm) by the above months, they must have been the 
result of spawning that occurred a few weeks earlier. Such a view is consistent with 
trends exhibited by the different reproductive variables (Gill et al. 1996, Gill pers. 
comm.) and the abundance of larvae (Neira et al. 1992). The trends shown by 
reproductive indices and the times of recruitment of small fish suggest that the 
spawning of P. olorum peaks in mid-October and mid-March while that of F. lateralis 
peaks in December/January and mid-April. These dates were therefore chosen as birth 
dates for assigning an age to each of the two size cohorts of both P. olorum and 
F. lateralis in each month. 
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Figure 4.8. Length-frequency histograms for samples of female Favonigobius lateralis 
caught in the lower Swan River Estuary between September 1983 and April 1985. The 
curves corresponding to the different size cohorts fitted to each length-frequency 
distribution using MIX. The solid line traces the modal lengths of the year classes that 
first appeared in summer, and the dotted line traces the modal lengths of the year 
classes that first appeared in autumn, as determined by MIX. J = juveniles; F = 
females; U = unsexed. 
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Figure 4.9. Length-frequency histograms for samples of male Favonigobius lateralis 
caught in the lower Swan River Estuary between September 1983 and April 1985. The 
curves corresponding to the different size cohorts fitted to each length-frequency 
distribution using MIX. The solid line traces the modal lengths of the year classes that 
first appeared in summer, and the dotted line traces the modal lengths of the year 
classes that first appeared in autumn, as determined by MIX. J = juveniles; F = 
females; U = unsexed. 
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Growth curves 
Since the likelihood ratio test failed to detect a significant difference between the 
growth curves of male and female P. olorum produced during the spring spawning 
period in either 1983 or 1984 or between the same sex in the two years (P>0.05), a 
common growth curve was fitted to the modal lengths of both sexes of this cohort in 
both years (Figure 4.10). Growth was initially very rapid and lengths showed a marked 
tendency to asymptote as fish started to become mature in February and March, a 
pattern which is reflected in the very high value of 9.59 year
-1 for the growth 
coefficient, K (Table 4.2). The small number of individuals caught after spawning 
(Figures 4.6, 4.7) prevented the construction of a reliable growth curve for this cohort 
in the ensuing late autumn and winter months. 
 
The lack of a consistent mode for small fish in the length distributions of the samples 
collected for the progeny of F. lateralis that were spawned in the summer of 1983-84 
made it impossible to derive a reliable growth curve for this cohort. Since the 
likelihood ratio test showed that the male and female growth curves for the F. lateralis 
produced by summer spawning in 1983 were not significantly different (P>0.05), a 
common growth curve was fitted to the modal lengths of both sexes of this cohort 
(Figure 4.11). Paralleling the trends exhibited by the corresponding cohort of 
P. olorum, the growth of the summer-spawned cohort of F. lateralis was initially very 
rapid and lengths began to asymptote markedly as the fish started to become mature in 
April (Table 4.2). The small number of representatives caught after spawning (Figures 
4.8, 4.9) made it impossible to derive a reliable growth curve for this cohort in the 
ensuing late autumn and winter months.  
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The lengths of the cohorts, that corresponded to the progeny produced during the 
autumn spawning periods by both P. olorum and F. lateralis, rose rapidly for a short 
period and then levelled off during winter, before rising sharply again in spring. 
During this latter phase, the females grew more rapidly than males. For both P. olorum 
and F. lateralis, the likelihood ratio test showed that the growth curves for the males 
and females of this autumn-spawned cohort were significantly different (P < 0.05, 
Figures 4.10, 4.11).  
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Figure 4.10. Traditional von Bertalanffy growth curves for pooled data for both sexes 
of Pseudogobius olorum (solid lines) derived from a spring spawning and seasonal 
von Bertalanffy growth curves for females and males of Pseudogobius olorum (dotted 
lines) derived from an autumn spawning. The growth curves were calculated using the 
mean lengths (open symbols) produced by MIX for the different size cohorts in each 
month between September 1983 and April 1985. In this Figure and Figure 4.110, 
January and July represent the middle months of summer and winter, respectively, 
while April and October represent the middle months of spring and autumn, 
respectively. 
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Figure 4.11. Traditional von Bertalanffy growth curves for pooled data for both sexes 
of Favonigobius lateralis (solid lines) derived from a summer spawning and seasonal 
von Bertalanffy growth curves for females and males of Favonigobius lateralis (dotted 
lines) derived from an autumn spawning. The growth curves were calculated using the 
mean lengths (open symbols) produced by MIX for the different size cohorts in each 
month between September 1983 and April 1985. Chapter 4      151
Table 4.2. The parameters ±1 standard error for the growth curves of the two cohorts of 
Pseudogobius olorum and Favonigobius lateralis produced annually in the Swan River 
Estuary. See text for rationale for pooling the lengths of the two sexes of the spring-
spawned and autumn-spawned cohort of P. olorum and F. lateralis, respectively. 
n=sample size, ρ=correlation coefficient between L∞ and K, r
2=coefficient of 
determination, NA=not applicable. 
 
 
n  L∞  
(mm) 
K  
(year
-1)  ρ 
t0  
(years)  C 
ts  
(years)  r
2 
 Pseudogobius olorum 
 Spring  spawned  29  30.7 
(1.3) 
9.59 
(1.9)  -0.79  0.04 
(0.01)  NA NA  0.90 
  Autumn  spawned            
  Female  13  42.9 
(3.4) 
5.48 
(1.97)  -0.84  0.04 
(0.02) 
1.14 
(0.08) 
0.82 
(0.02)  0.96 
  Male  15  36.3 
(2.8) 
5.59 
(1.77)  -0.82  0.04 
(0.01) 
1.12 
(0.09) 
0.84 
(0.02)  0.94 
 Favonigobius lateralis 
 Summer  spawned  16  40.2 
(1.2) 
6.16 
(0.54)  -0.92  0.006 
(0.004)  NA NA  0.99 
  Autumn  spawned            
  Female  16  52.2 
(1.2) 
6.39 
(0.71)  -0.64  0.01 
(0.005) 
1.18 
(0.04) 
0.80 
(0.01)  0.99 
  Male  12  43.3 
(4.3) 
6.25 
(1.62) 
-0.96 0.01 
(0.004) 
1.12 
(0.04) 
0.82 
(0.01)  0.99 
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Individual-based model 
Since little or no growth occurs during the cooler (< ca 17.5
0C) parts of the year (mid 
May to mid September), growth was confined to outside this period (Figure 4.4). Daily 
temperatures and salinities used in the simulations were the symmetric quadratic loess 
smoother estimates of these variables in the upper and lower estuary, where P. olorum 
and F. lateralis, respectively, are found (Figure 4.4). The time series of values for 
Ptemp and Psal (see materials and methods for full definition), calculated by substituting 
these values for temperature and salinity into the equations for the scenarios shown in 
Figure 4.2 are presented in Figures 4.12 and 4.13.  
 
The parameter estimates, standard deviations and correlation coefficients for the 
logistic curve for the length at first maturity of females, which were used in the 
simulations, are listed in Table 4.1, while the corresponding values for the von 
Bertalanffy growth curves for the two sexes combined, which were also used in the 
simulations, are presented in Table 4.2. Since the effect of temperature on growth is 
simulated by explicitly “turning off” growth when temperatures decline below a 
critical level, it is appropriate to use a non-seasonal growth curve to represent growth 
within this model.  
 
Although the simulated populations had reached equilibrium by ca 15 years, 
simulations were run for a simulated period of 100 years, to ensure that all transient 
behaviour had been eliminated. The number of day 0 female fish produced during the 
simulated spawning periods, and the generations to which they belong, are presented 
in Figures 4.12 and 4.13.  
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Recruitment by P. olorum and F. lateralis would be similar (Figures 4.12 and 4.13) if 
spawning did not occur below a certain temperature and the probability of spawning 
increased with temperature until, above a certain level, it became 1.0 (Figure 4.2a). 
Thus, recruitment of both species peaks at the beginning of the spawning period and 
subsequently remains at a lower but constant level for the remainder of the spawning 
period. Under this scenario, P. olorum and F. lateralis would produce five and three 
generations, respectively. 
 
Recruitment peaks were detectable in both species in October and March when an 
inhibitory temperature was induced during the spawning period (Figure 4.2b). These 
dates are consistent with the birth dates assigned to the two cohorts of P. olorum on 
the basis of the trends exhibited by reproductive variables (Gill et al. 1996). However, 
they are not the same as the birth dates assigned to the two cohorts of F. lateralis, i.e. 
December/January and mid-April. Yet, for F. lateralis as well as P. olorum, the 
simulations led to the production of two main generations, which is entirely consistent 
with the presence in length-frequency data of two groups of recruits each year.  
 
The influence of salinity had a markedly different effect than temperature on the 
spawning of F. lateralis (Figures 4.13). Simulations using salinity produced spawning 
peaks for F. lateralis in January and in April/May. While the initial peak was the same 
as birth dates assigned to the cohort of this species, the second peak was protracted. A 
combination of temperature and salinity produced the same peaks as both birth dates 
assigned to the cohorts of this species (Figure 4.13). While the number of possible 
generations was three, two generations would have predominated. Chapter 4      154
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Figure 4.12. The frequency of day 0 female Pseudogobius olorum during the growth 
period and under two spawning patterns in the final year of the simulation. The knife-
edge growth period was mid-September to mid-May. The spawning patterns were 
determined from temperature and salinity measurements taken in the upper Swan 
River Estuary between September 1983 and April 1985. Spawning occurs when 
temperatures or salinities lie between zero and one. Refer to methods for more details. 
The number of generations produced during this period is shown. 
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Figure 4.13. The frequency of day 0 female Favonigobius lateralis during the growth 
period and under four spawning patterns in the final year of the simulation. The knife-
edge growth period was mid-September to mid-May. The spawning patterns were 
determined from temperature and salinity measurements taken in the lower Swan 
River Estuary between September 1983 and April 1985. Spawning occurs when 
temperatures and/or salinities lie between zero and one. Refer to methods for more 
details. The number of generations produced during this period is shown. Chapter 4      156
4.4 Discussion 
 
Trends exhibited by progeny of the two spawning groups  
The data on abundance and size composition of P. olorum and F. lateralis demonstrate 
that the cohorts of these two species that spawned in spring and summer, respectively, 
declined in numbers in the months immediately after spawning. Although this implies 
that many individuals of these cohorts died after spawning, the presence of a few 
relatively large fish during summer and autumn indicates that a few may survive to 
spawn in autumn. Members of the cohorts produced by spawning in spring 
(P. olorum) and summer (F. lateralis) increased rapidly in size in the ensuing months 
and reached maturity in autumn and thus formed the majority of individuals that 
spawned in this season. 
 
After a short initial period of rapid growth, the lengths of the autumn-spawned cohort 
of both species did not increase during winter, when water temperatures declined to 
their minimum, but then increased markedly during spring as water temperatures rose. 
These cohorts were thus able to attain maturity and spawn in either spring (P. olorum) 
or summer (F. lateralis).  
 
The virtual absence of the autumn-spawning group in samples collected in winter 
suggests that this group suffered considerable mortality after spawning. However, a 
number of large fish were present in the seine net samples collected in September, 
which suggests that, after spawning in autumn, some large fish moved out from the 
shallows during the periods of high freshwater discharge that occurred in winter, and 
then returned to the shallows in spring. Such a movement would parallel those 
exhibited by the larger representatives of other teleosts in the Swan River Estuary, e.g. Chapter 4      157
Apogon rueppellii, Torquigener pleurogramma and Amniataba caudavittata (Chrystal 
et al. 1985, Potter et al. 1988, Wise et al. 1994). This conclusion would be consistent 
with the fact that the values for C in the seasonal von Bertalanffy growth equations 
were greater than 1 as this implies that “growth” was negative or that “shrinkage” had 
occurred (Pauly and Gaschütz 1979, Pawlak and Hanumara 1991). It thus follows that 
growth curves do not provide a reliable estimate for length at age of the population as 
a whole during winter. 
 
The growth curves of P. olorum and F. lateralis, when considered in conjunction with 
the trends exhibited by the reproductive variables for these species, demonstrate that 
F. lateralis becomes sexually mature at a larger size and reaches this size more rapidly 
than P. olorum. The majority of the progeny of the spring and autumn-spawning 
groups of P. olorum reach maturity when, on average, they are approximately five and 
seven months old, respectively. In contrast, the majority of the progeny of the summer 
and autumn-spawning groups of F. lateralis reach maturity when they are 
approximately 3½ and 8½ months old, respectively. It should be noted that, as the 
reproductive data were unavailable for each sampling date, they were combined over 
the entire spawning period. Consequently it is possible that the progeny of the two 
spawning groups each year had differing maturity schedules. 
 
Comparisons with other species 
The presence of biannual spawning distinguishes P. olorum and F. lateralis from 
other short-lived fish species, such as those belonging to the Atherinidae and 
Apogonidae (Prince and Potter 1983, Chrystal et al. 1985), which are likewise 
abundant in the Swan River Estuary, as well as other members of the Atherinidae in 
estuaries at a similar latitude on the east coast of Australia (Potter et al. 1986). For Chapter 4      158
example, in the Swan River Estuary, the spawning of Leptatherina wallacei peaks in 
late spring, while that of both Craterocephalus mugiloides and Atherinosoma elongata 
peak in summer (Prince and Potter 1983). Furthermore, these species typically spawn 
and die at the end of their first year of life.  
 
The spawning by P. olorum and F. lateralis at two very different times of the year 
contrasts with the situation found with several marine and estuarine goby species in 
temperate regions of the northern hemisphere, where these species have only one 
spawning period during the year. For example, the spawning of Tridentiger 
undicervicus, Tridentiger trigonocephalus, Trianopogon barbatus, Lesueurigobius 
friesii, Pomatoschistus minutus, Pomatoschistus microps, Pomatoschistus lozanoi and 
Pomatoschistus norvegicus each peak at some time between late winter and late 
summer (Dotu 1958, Hesthagen 1977, Claridge et al. 1985, Gibson and Ezzi 1978, 
1981, Moreira et al. 1991). However, the precise period varies with both species and 
latitude. 
 
The biannual spawning peaks recorded for P. olorum and F. lateralis in the Swan 
River Estuary parallel the situation with the goby Oligolepis acutipennis in an estuary 
in southern India. In the latter case, the trends recorded for gonadosomatic and 
maturity indices of the females indicate that spawning peaks in both late spring/early 
summer and autumn and that it was greatly reduced or did not occur in the intervening 
months (Geevarghese and John 1983). Comparisons between the trends exhibited 
during the year by the reproductive indices for another gobiid, Gillichthys mirabilis, in 
two nearby estuaries in southern California, provide strong evidence that differences 
in environmental regimes can lead to a modification of the spawning periods of 
gobies. Thus, the reproductive indices of G. mirabilis peaked sharply in February in Chapter 4      159
one estuary, but in December and April in the other, where water temperatures varied 
more markedly (Barlow and de Vlamingh 1972, de Vlamingh 1972). 
 
Origin of biannual spawning periods 
Sea temperatures 10 000 years ago in south-western Australia were at least 3-4oC less 
than they are today (Walker 1978). Gill et al. 1996 proposes that, as mean water 
temperatures in late spring to mid-summer in the recent past would have been between 
20 and 25oC the temperatures at which P. olorum now spawns while water 
temperatures in early to mid spring and mid to late autumn would have been less than 
20oC, it seems highly likely that, in that earlier period, the spawning of P. olorum 
would have peaked only during the warmest part of the year and consequently the 
subsequent warm period favourable for growth would have been less than is presently 
available to the progeny of the group spawned in spring. The above hypotheses were 
not entirely consistent with the results of the model, which only envisaged that 
spawning occurred when temperatures reached 20
0C. Yet, those hypotheses were 
supported when this model was modified to incorporate an inhibitory effect on 
spawning when temperatures exceed 25
0C.  
 
Since F. lateralis is typically a marine species, which, when found in estuaries, only 
occupies their lower reaches, it was then considered appropriate to explore whether 
salinity might exert an influence on spawning time and particularly throughout spring 
and early summer when the values for this environmental variable increased rapidly to 
reach levels above 30
0/00. When salinity was used on its own in the model, the timing 
of the first spawning period produced by the model coincided with that derived by 
extrapolation from the biotic data, i.e. January. It is thus proposed that, although the Chapter 4      160
critical temperature required for spawning by F. lateralis is attained in spring, the 
spawning of this species is delayed until January when salinities approached 30-35
0/00. 
 
From the above evidence, it seems possible that the biannual spawning periods in 
P. olorum and F. lateralis in the Swan River Estuary, and presumably nearby 
estuaries, have developed as a result of protracted warmer temperatures for growth and 
inhibitory effects of temperature and/or salinity on reproduction in these systems. 
However it should be recognised that such an inhibitory effect due to temperature may 
be a proxy for another unknown factor. 
 
Consequences of biannual spawning 
Although the tendency for some P. olorum and F. lateralis to breed twice in a year 
would be likely to increase the number of progeny produced by an individual, there is 
strong circumstantial evidence that many fish die after their first spawning period. The 
ability to spawn within a few months and at a relatively small size may, however, be 
of advantage to gobiids, which are often subject to heavy predation by birds and other 
fish (Miller 1975, Darcy 1980, Grossman et al. 1980, Geevarghese and John 1983, 
Trayler et al. 1989, Humphries et al. 1992, Lindstrom and Ranta 1992). Furthermore, 
this may be of particular value to P. olorum and F. lateralis since, in south-western 
Australian estuaries, the predation by cormorants on gobies only becomes intense after 
these fish have attained lengths of 30 mm (Humphries et al. 1992). 
 
The apparent effects that temperature and salinity have on growth and breeding, and 
possibly predation, causing a tendency to spawn within a few months at a small size, 
may well have resulted in selection pressures leading to biannual and very different 
breeding seasons each year. It is thus proposed that, in P. olorum and F. lateralis, the Chapter 4      161
consequences of eliminating the middle months of a spawning period may have been 
compensated for by producing progeny at two different times of the year. 
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Chapter 5 
General Discussion 
 
Reliable estimates of the age and growth of a fish species are fundamental to 
understanding the dynamics of the populations of that species and the impacts of any 
exploitation to which they are exposed (Hilborn and Walters 1992, Quinn and Deriso 
1999, Walters and Martell 2004). Thus, for each fish species, such data are 
fundamental to providing important insights into its biology and are essential for 
managing its stocks. However, there are often shortcomings inherent in the ways in 
which age and growth are determined and thus it is essential to understand their 
magnitude and relevance (Beamish and McFarlane 1983, 1995, Campana 2001). It is 
particularly important to choose the appropriate methods for estimating the ages and 
determining the growth of a species and to understand the natural variation and 
limitations in the estimates derived from these data and methods and consequently the 
level of caution that has to be exercised in any subsequent analyses and inferences.  
 
The methods that are most appropriate for estimating the age and then determining the 
growth of a fish species depend on the biological characteristics of that species. For 
example, although counts of annually-formed growth zones on hard structures, e.g. 
otoliths, are the most commonly employed method of ageing a fish species, such 
growth zones are not always clearly detectable in these hard structures (Casselman 
1990, Campana 2001). Thus, an alternative method of ageing has to be employed, 
such as length-frequency analysis, in which the modes of different cohorts in length-
frequency data are identified and traced through the length-frequency data for 
sequential samples caught throughout the year (Pauly 1987, Gallucci et al. 1996). 
However, while the progression of the modes corresponding to the younger age Chapter 5     
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classes can often be followed in sequential samples, it is often impossible, particularly 
in long-lived species, to distinguish between the modes that correspond to the older 
age classes as the lengths of these age classes tend to overlap markedly.  
 
Irrespective of the method chosen for estimating the age and determining the growth 
of a fish species, the data derived for these variables will incorporate not only natural 
variability, but also the biases that reflect the limitations of that method (Beamish and 
McFarlane 1983, 1987, 1995, Campana 2001). A reliable measure of natural 
variability is crucial for gaining accurate data on the population dynamics of that 
species, while biases in estimates of age, due to, for example, limitations in the 
sampling regime and thus, in turn, the growth of a species will almost inevitably lead 
to misinterpretations of the population dynamics of that species. Because age and 
growth estimates involve both natural variability and such biases, they must be taken 
into account during subsequent analyses. 
 
The age composition and growth have been determined for numerous populations of 
fish species in Western Australia marine and estuarine waters (Lenanton and Potter 
1987, Smith 1993, Blaber 1997, Potter and Hyndes 1999). While most of these species 
were aged using counts of growth zones on otoliths, a few were aged using length-
frequency analysis (Prince and Potter 1983, Chrystal et al. 1985). During the present 
study, the age and growth of five Western Australian fish species were aged using an 
appropriate method for each species. The methods used for ageing and the biological 
characteristics and sampling biases of each species determined the ways in which the 
growth was best analysed. Any subsequent analyses, modelling and interpretation of 
the data for a species took into account natural variations, biases and the biological 
characteristics of that species. Chapter 5     
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The first species whose age and growth was studied was Cnidoglanis macrocephalus, 
an important recreational and commercial species in coastal marine and more 
particularly the estuarine environments of south-western Australia. The “harvesting” 
method used for sampling C. macrocephalus in Princess Royal Harbour produced 
substantial numbers of all but the smaller fish (<200 mm). Analysis of marginal 
increment trends on the otoliths of C. macrocephalus in Princess Royal Harbour 
demonstrate that each of the translucent zones on these otoliths become delineated in 
February and that such zones are formed annually. The trends exhibited by 
reproductive variables showed that it would be appropriate to use a birth date of 
1 December for determining the growth of C. macrocephalus in Princess Royal 
Harbour. 
 
The use of back-calculated lengths to overcome the problem posed by the paucity of 
small C. macrocephalus in samples from Princess Royal Harbour proved invaluable, 
in that, in particular, they yielded far more appropriate lengths at age of younger fish. 
This helps account for the fact that the growth curves calculated using back-calculated 
length differed significantly from those determined from length-at-age data. Indeed 
estimates of the length at younger ages based on the length-at-age data are consistent 
with biases due to sampling where length samples of the younger age classes are 
biased towards the larger individuals within these age classes, which is not desirable. 
 
The current Western Australian minimum legal length for the retention of 
C. macrocephalus of 430 mm TL is over 70 mm greater than the L50 at first maturity 
for the females of this species in Princess Royal Harbour. Yield per recruit and egg 
production per recruit calculations support the view that the current MLL is Chapter 5     
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appropriate for conserving the population of C. macrocephalus in Princess Royal 
Harbour. On the other hand, yield per recruit and egg production per recruit analyses 
showed that the current minimum legal length would have been insufficient to 
maintain the populations in the Swan River Estuary and thus account for the marked 
decline in catches in this system, and that, without the presence of closed waters, they 
would be insufficient to maintain the population in Wilson Inlet. 
 
The results of this study demonstrate that in comparisons with individuals of 
C. macrocephalus in the Swan River Estuary and Wilson Inlet those of this species in 
Princess Royal Harbour spawn later in the year, grow at a slower rate, become mature 
at a smaller size but older age, and have a lower fecundity. These comparisons suggest 
that the marine environment of Princess Royal Harbour may contain lower densities of 
the polychaetes and molluscs that constitute the diet of this plotosid. 
 
Regularly-formed growth zones were not present on the hard structures (otoliths) of 
Amniataba caudavittata throughout the full life cycle of this species and there were no 
validated ageing data available for Apogon rueppellii. It was thus necessary to 
estimate the age and growth of these species in the Swan River Estuary by analysing 
the trends exhibited by modes in sequential monthly length-frequency data. This was 
achieved firstly by using MULTIFAN, which constrains the means of the cohorts in 
successive samples to a seasonal von Bertalanffy growth curve. The resulting growth 
curve parameters estimated by MULTIFAN were similar to those derived from the 
means of the cohorts determined independently for each monthly sample by using 
MIX.  
The construction of realistic growth curves for the populations of A. caudavittata and 
A. rueppellii in the Swan River Estuary was facilitated by the discreteness of the Chapter 5     
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modes of the lengths of the different size classes in sequential samples. This largely 
reflected, the short period during which recruitment occurs each year, as a result of the 
relatively short breeding periods of these species in this system, i.e. late November to 
early February. The highly seasonal pattern of growth exhibited by A. caudavittata and 
A. rueppellii, with most growth occurring during the warmer months, parallels the 
situation found with other species of teleost in the Swan River Estuary (Potter et al. 
1990). Although “negative growth” or shrinkage appeared to occur in winter, this 
phenomenon was attributed to the effect of size-related differences in the offshore 
movements at this time of the year.  
 
Since annually–formed growth zones also cannot be consistently detected in otoliths 
and other hard parts of Pseudogobius olorum and Favonigobius lateralis, it was also 
necessary to use alternative methods to determine the age and growth of these two 
gobiids. Since P. olorum and F. lateralis spawn at different times of the year and these 
times (spring and autumn) are not regularly spaced during the year, new 0+ recruits 
are also caught at two irregularly-spaced times of the year. It was thus not possible to 
use either MULTIFAN or ELEFAN to analyse the size-distributions of these two 
gobiid species in different samples. Thus, MIX was employed to identify the size 
classes present in the length-frequency data for sequential samples and to provide 
means for the length distributions of those size classes. von Bertalanffy growth 
equations were then fitted to the mean lengths at the inferred age of the males and 
females of each size class of each species. The traditional von Bertalanffy growth 
curve provided a good description of the growth of the product of the spring-spawning 
group of both species and a seasonal von Bertalanffy growth curve described well the 
growth of the product of the autumn-spawning groups of both species. 
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The growth curves of the two goby species, when considered in conjunction with the 
trends exhibited by their reproductive variables, demonstrate that, in comparison with 
P. olorum, F. lateralis grows faster and becomes sexually mature at a larger size. The 
majority of the progeny of the spring and autumn-spawning groups of P. olorum reach 
maturity when, on average, they are approximately five and seven months old, 
respectively, and most of the progeny of the summer and autumn-spawning groups of 
F. lateralis reach maturity when they are approximately 3½ and 8½ months old, 
respectively.  
 
It is proposed that the biannual spawning periods of P. olorum and F. lateralis in the 
Swan River Estuary, have evolved in response to increases in water temperatures in 
this system over the last 10 000 years. This has led to protracted warmer temperatures 
for growth and inhibitory effects of temperature and/or salinity on reproduction in 
these systems. Although the tendency for some P. olorum and F. lateralis to breed 
twice in a year would be likely to increase the number of progeny produced by an 
individual, there is strong circumstantial evidence that many fish die after their first 
spawning period. The ability to spawn within a few months and at a relatively small 
size may be of advantage to gobiids, which are often subject to heavy predation by 
birds and other fish. An individual-based model was developed to explore the range of 
possible spawning peaks within the warmer part of the year by simulating the 
variability in growth and reproduction characteristics of P. olorum and F. lateralis, 
and simulate the effect of different environmental factors on these characteristics.  
 
The results of these models support the conclusion that the bimodal timing of 
spawning of P. olorum in the upper estuary was regulated by water temperature, with 
spawning occurring between 20 and 25
oC and being inhibited by temperatures greater Chapter 5     
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than 25
oC. This is consistent with the fact that the goby is essentially a southern 
species in Australia and water temperatures in the Swan River Estuary in summer are 
probably close to the maximum encountered throughout their range. They also showed 
that, although water temperature also influenced the timing of spawning of F. lateralis 
in the lower estuary, the onset of spawning by this species only occurred when 
salinities had reached 30
0/00, which is consistent with the view that F. lateralis is 
essentially a marine species. 
 
In the estimation of age and the determination of growth, this thesis uses a process 
involving a number of important steps as depicted in Figure 5.1.  
 
Figure 5.1. Estimation of age and growth involve an iterative number of steps. 
 
The initial step involves the identification and use of appropriate methods for 
estimating age and determining growth. Methods include the traditional direct ageing 
approach as carried out for C. macrocephalus in Chapter 2 and alternative methods 
such as length frequency analysis, as was investigated for various species in Chapters 
3 and 4. The form of growth curve can be calculated as the traditional von Bertalanffy 
growth or the more complex Schnute curve. Calculation can involve lengths at ages or 
back-calculated methods and can consider whether growth is seasonal.  
Real world  Age and growth 
estimation 
Simulation and 
assessment 
Variability and 
errors Chapter 5     
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The next step involves elucidation of the natural variation within populations and 
identification of any biases that should be taken into account. Identification of the 
accuracy and precision of the age estimates and subsequent growth is essential 
(Beamish and McFarlane 1983, 1995, Campana 2001).  For example, reasons for 
negative growth in Chapter 3 were investigated.   
 
The application of age and growth estimates in subsequent analyses (assessments and 
simulations, Chapters 2 and 4 respectively) is often overlooked as an important step in 
the process. This step provides insights into the usefulness of the current age and 
growth information for describing life history characteristics and for management 
purposes. This use of the age and growth data in simulations and assessments that 
resemble the real world can highlight limitations in data. 
 
The process is iterative, and involves ongoing updating of the information to improve 
age and growth estimation. This thesis demonstrates that adequate estimation of age 
and determination of growth is not an isolated task but rather a complete, integrated 
process (Figure 5.1). References    
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